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PREFACE 


In 1811 — nearly a hundred years ago — Avogadro 
promulgated the important law which bears his 
name, and which gives expression to the fact that 
all the more perfect gases, when reduced to the 
same pressure and temperature, will contain within 
a given volume the same number of gaseous mole- 
cules. The fact was established: but the reason 
why it is so was not then understood, nor till long 
afterwards, when in the forties and fifties of the 
last century some of tho activities that go on within 
gases became gradually known. Until these later 
dates it was erroneously supposed, even by careful 
students of nature, that natural objects which to 
our senses appear at rest — such as stones, coins, 
books, air which has been left for a long time 
undisturbed within a room — are in reality devoid 
of any internal motion. As to gases, one of tho 
illustrations mado use of in those days to help 
students to picture what they wore supposed to be 
like, was that tho molecules of a gas may perhaps 
resemble tho stationary bubbles of a froth, which 
by expanding when warmed, contracting when 
cooled, and by pressing against one another and 
against the walls of a containing vessel, behave 
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in these respects very much like a gas. Under 
this view, Avogadro’s Law was expressed by saying 
that the bubbles, or quasi-bubbles, aro all of the 
same size whatovor the gas may bo, provided that 
they aro compared with one another when at the 
same temperature and pressure. 

It was about sixty years ago when there 
appeared the first glimmerings of tho knowledge 
which has since ripened into that which wo now 
possess, that neither the molecules of any natural 
object nor tho parts of which those molecules 
consist are over at rest; that, on tho contrary, 
swift and orderly movements are ever in progress 
among them and within them; and that whore 
bodies appear to us to be stationary, it is only be- 
cause this groat internal activity is on too small a 
scale, the parts moving too tiny, and the motions 
subject to too rapid changes of direction for 
senses like ours even when assisted by tho micro- 
scope to obtain any suggestion that all this activity 
is going forwards. Accordingly, until other means 
than direct observation of arriving at the truth 
were discovered, every one remained under tho 
delusion that the objects about us on the earth 
could be “brought to rest" — i.e. absolutely freed 
from every motion except tho celestial motion, 
which is consequent upon their being on a planet 
which rotates upon an axis, revolves in an orbit 
round tho sun, and accom panics the solar system 
in its peregrinations through spaco. 

There was one man — an Englishman — who above 
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sixty years ago perceived that this view of nature 
was a mistake, at least with reference to matter 
in the .gaseous state. J. J. Waterston, in 1845 
submitted a memoir to the Royal Society, in 
which he showed that the recognised properties 
of the more perfect gases indicate with emphasis 
that instead of consisting of stationary molecules 
pressing against one another, they are in reality 
swarms of much smaller bodies, so small that they 
leavo much of tho space unoccupied, in which 
thoy dart about amongst one another with extra- 
ordinary activity, and produce gaseous pressure by 
encountering one another or where turned back 
by the walls of a containing vossel. Watorston’s 
contention led to results at variance with the views 
entertained by scientific men at the time, and his 
great discovery with the arguments in favour of it, 
were withheld from publication until long after- 
wards; so that this great advance in knowledge 
did not become generally known until, shortly after- 
wards, Professor Clausius of Goneva rediscovered 
tho kinetic constitution of gases. His announce- 
ment of it was received with much scepticism. 
However, Clausius persisted, and in a masterly 
sories of papers published in tho later forties and 
in the fifties of the nineteenth century he met 
objections, and piled proof upon proof, until the 
evidence could no longer bo resisted. In tho later 
developments of tho theory he was assisted by 
other scientific men, among whom J. Clerk Maxwell 
was pre-eminent. 
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Until somo information can be acquired respect- 
ing the magnitudes with which we are dealing 
when investigating any branch of nature*? opera- 
tions, we continue to be unable to form a satis- 
factorily clear notion of those operations. In t o 
domain of Molecular Physics tlu first magnitu e 
that was ascertained was when Cl isius succoedcd 
in estimating tho speeds with which mokcules . i 
a gas are travelling about. At any one instant 
the individual molecules are darting about with 
very different speeds, but at each temperature 
there is a certain moan speed towards which the 
encounters which prevail within a gas tend to 
bring any speeds which too much differ from it, 
and round which the innumerable speeds tend 
to group themselves. The mean speed so defined 
is not the arithmetic mean of tho values of v, 
but the square-root of the arithmetic mean of the 
values of v 2 . This moan speed Clausius succeeded 
in finding to be about 



metres per second 
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Where r is the absolute ternpemturo of tho gas 
estimated in centigrade degrees, and p the relative 
specific gravity of tho gas compared with air. Ex- 
pressed in miles per hour this moan speed is 


10H5 / miles per hour 
V a873y 1 


1(b) 


The arithmetic moan of the various speeds that 
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prevail among the molecules is a different mean 
from that given above. It is somewhat less, and 
to obtain it we multiply the above value by 0*92132. 
Thus the arithmetic mean is 



, J— metres per second. 


Again, the temperature of our laboratories when 
experiments arc being made in them may be taken 
to be about 10' C., which is the same as t~289. 
Introducing this value for r, we find that the 
arithmetic mean of the speeds at this tempera- 
ture is 

4tJO /* nu*trr$ per •ier't.nd ... 2 ( i) 

V /> 


which is the same as 


1022^/* miles per hmir . • . . 2 (?>) 

so that., in the air about us, and at the tempera- 
tures to which we are most accustomed, the mole- 
cules of its principal gases are travelling with 
speeds of which the arithmetic mean is more than 
1000 miles per hour. In order to got the arith- 
metic mean for each gaseous constituent of our 
atmosphere wo must insert in the last expression 
the value of p for each gas. We thus find what 
it is in nitrogen, oxygen, argon, aqueous vapour, 
and tlio rest. 

The next important molecular magnitude to be 
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discovered was when Professor Maxwell in Ittfi!) and 
1SG0 deduced ironi observations on the viscosity 
of gases, and also from the rate of diffusion of 
olefiant gas into air, tho mean length of the little 
straight path along which a molecule of air darts 
between consecutive encounters. It. is. at tho 
temperature of l.V* C. and at the pressure of an 
alniusphcre, about 

7‘f! eight het-mot res ... 3 

which is the mean of throe determinations tnailo by 
Maxwell. I5y an eight hot is to bo understood tho 
fnvtion represented by a unit in tho eighth place 
of decimals, or by tlio symbol Id and eight hot- 
metro is a convenient abbreviation for oighthot of a 
metre in like manner as a quarter-inch means the 
quarter of an inch. 

It. is worth taking notice, here, that tho moan 
length of tho free paths of the moloculos bo- 
tween their encounters, although a giant, among 
molecular magnitudes, falls short of tho smallost 
interval which tho microscopo can detect. Two 
minute specks on tho stago of a microscope, oven 
if separated by twieo this interval, would never- 
theless be blurred together into tho appearance 
of a single object, whon viewed under tho most 
favourable conditions, through tho best of micro- 
scopes handled with the utmost skill. 

By comparing this small measure with tho aver- 
age total distance which tho molecule travels in 
a second, which we have found to bo 400 metres 
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(soo cqu. 2 (a)), wo learn that the path pursued 
by tho molecule within one second is a zigzag 
course,, divided on tho average into 6,000,000,000 
little straight free paths between the encounters 
that it meets with. 

When Maxwell had determined the average 
length of tho free path, it was easy to form a 
preliminary estimato of the number of molecules 
that aro present; and, accordingly, this was at- 
tempted by tho prosont writer in 1HG0, immediately 
after tho publication of Maxwoll’s papers. What 
was sought in this preliminary effort was to deter- 
mine which power of 1000 is nearest in the geo- 
metric scries to the number of molecules in a 
cubic millimetre of gas. This was found to be 
the sixth powor, which is 10 ,s ; from which it 
followed that tho actual number of molecules is 
to be lookod for within the group of numbers that 
intervenes between 10 18 -r \/l0O0 and 10' 8 x «/l000. 
is. it is a number greater than 31G x 10 10 and less 
than 3*16 x 10 19 . Other determinations of this im- 
portant physical constant have since been made, 
and some from data admitting of much closer 
approximation. From these we learn that we may 
now accept 4 x 10 lfl as a trustworthy and reasonably 
close approximation to tho number of gaseous mole- 
cules within a volume which is not far from being 
one cubic millimotro — tho gas, or mixture of gases, 
being at or near standard temperature and pressure. 
To this number of molecules within each cubic 
millimetre of dry air tho principal constituents of 
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the earth’s atmosphere contribute nearly in the 
following proportions: 1 — 


Nitrogen .... 

4 x 7810 000000 000000 molecules of N, 

Oxygen . . . . 

4x20iK) 000000 0UO >.K) 

11 

O, 

Argon 

4 x 100 OOOiMk) (HXKV»0 

11 

A 

Carbon dioxide 

4 x 4 OlKHKK) 'HXKX 1 

11 

CO. 

Neon (about) 

4 x 100000 (KhHH > 

11 

No 

Helium (perhaps) . 

f 10000 00000( . 

‘ * \ or 5000 000000) 

11 

He 


Minor constituents are also present, but in smaller 
numbers. These are krypton, xenon, and hydrogen, 
with probably a few molecules of ammonia and 
some of the oxides of nitrogen; and of course there 
will bo a variable amount of aqueous vapour present., 
if the air has not been completely dried. 

These various determinations enable us to con- 
struct our first picture of what each cubic milli- 
metre of the air about us really is. We arc to 
imagine these enormous swarms of little missiles 
dashing about in every conceivable direction, each 
of the missiles successively encountering anti 
occasionally grappling with about six thousand 
millions of its neighbours every second, and dart- 
ing along the free paths between these encounters 

1 A vacuum formed by pumping air out of a receiver till the 
residual pressure is reduced to the 10,000,000th of an atmosphere, 
would usually be spoken of as an exceedingly high vacuum. 
Nevertheless, it follows from what has been mentioned in the 
text, that, throughout this so-called \acuum, there remain about. 
4,000,000,000 molecules in every cubic millimetre of the space within 
the receiver. To got the numbers of molecules of the various 
gases, within each cubic millimetre, strike oil the last seven ciphers 
from each of the numbers of the table in the text. 
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with various speeds, but speeds that are so high 
that they average more than a speed of 1000 miles 
por hour. Wonderful as this picture is, we shall 
presently find that it falls almost infinitely short 
of the far more astonishing reality. We are 
enabled tf> seo that this is so, by being already 
in a position to advance one step nearer to the 
reality, and by the prospect that then opens before 
us of further extensions into the still more deeply 
seated operations which are being carried on by 
nature. In fact — 

Whilo the investigations which revealed to us 
tho kinetic constitution of gases, were in progress 
in tho last century, another lino of inquiry was 
being simultaneously pushed forward which touched 
upon deeper mysteries of nature. As an introduc- 
tion into this now region of exploration it will be 
convenient to recall one of tho facts already referred 
to, that while the free paths of the molecules have 
very various periods, their average duration is 
about tho six thousand millionth of a second. Let 
us thon compare this brief duration with the vastly 
smaller periodic times of tho alternating event 
which wo call light. When this is done it 
is found that whilo a molecule of air has been 
travelling between one encounter and the noxt, 
60,000 double vibrations of red light have on the 
avorago taken place, and twico that number of the 
extreme violet ray; and as tho periods of all the 
motions within a molecule which give riso to 
visible spectral rays must lie between these limits, 



XIV 


PREFACE 


we are forced to admit that either that im- 
mense number of orbital motions have been on 
the average executed by electrons within the mole- 
cule during each of its flights, or else that periodic 
motion of some one or moro of tho electrons has 
been going on of so complex a kind . that when 
fully resolved it furnishes that immense number 
of individual revolutions. It is now no longer 
surprising that tho temporary perturbation caused 
while two molecules have been grappling with 
one another has in most instances abundant time 
to pass away early in tho interval between two 
encounters, so as to leave tho greater part of the 
motions within tho molecule to bo executed in the 
undisturbed manner which the dofinitencss of the 
lines of a gaseous spectrum attests to us. 

In what way the lines of the spoctrum of a gas 
are brought into existence, may be more definitely 
understood by remembering that — as can be proved 1 
— the motion of each individual electron within a 
gaseous molecule, however complex that motion 
may bo, is in all cases susceptible of being resolved 
into “elliptic partials," each of which produces the 
samo physical effects as would an electron revolving 
pendulously, and therefore with unvarying periodic 
time, in tho corresponding ollipso. Now, an electron 

1 Sec tho paper on “The Cause of Double Linos, Ac. Ac.,” in the 
Scientific TranS'ir lions of the Royal Dublin Society, vol. iv., series ii. 
p. .003 (1891), In tho analysis of motion which is not restricted to 
one plane, elliptic paitials are what correspond to the harmonics 
that present themselves when motion iu one piano is resolved by 
Fourier’s Theorem. 
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when undergoing periodic motion of any kind, pro- 
pagates electromagnetic, that is to say luminous, 
wraves through tho surrojnding .‘ether; and when 
the motion is of tho simplest kind, viz. pendulous 
elliptic motion, what it will transmit through the 
tether is a single undulation which will have the 
same poriodic timo as tho elliptic motion. A 
luminous undulation of this kind produces a single 
line in tho spectrum of tho gas. Accordingly, each 
partial whose periodic time is such that the re- 
volutions in its ellipse are repeated some number 
of times between 00,000 and 120,000, in the 
0,000,000,000th of one second of timo, will furnish 
a line in tho visible part of the spectrum, and its 
oxistonco is made known to us when wo see the 
lino in tho spectrum. Parlials which have other 
periodic times produce lines either in the infra-red 
or in the ultra-violet parts of the spectrum, and 
though lines so situated are not seen by tho eye, 
their presence can be detected by photography, by 
observations with tho bolometer, and in other ways. 

It’ any of tho olectricity within a gaseous molecule 
remains in bulk and is not divided into separated 
electrons, and if it bo capablo of moving within a 
confined space, it will bo set surging by the moro 
dolinito movements of the soparato electrons in its 
neighbourhood. This would give riso to subsidiary 
effects in tho spectrum of tho gas, in tho neighbour- 
hood of tho definite linos produced by tho separate 
electrons. Such subsidiary events have in many 
instances been observed. 
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The chemical elements are some of them gases 
iu the state in which they usually present them- 
selves to us. A few of the others can be vapourised 
in a Bunsen’s burner; and the rest can bithcr be 
vapourised and rendered incandescent in the arc- 
light, or can be brought into a condition, when an 
electric spark passes between olectrodos of the 
element, such that molecules will detach them- 
selves and travel along free paths as in a gas. In 
all these ca^es each clement furnishes its charac- 
teristic spectrum of defined lines, each of which is 
due to a ray of light with its own definite period 
of undulation. These spectra make manifest the 
marvellous regularity of the motions that go on 
within the molecules of each element, when its 
molecules are freed from being interfered with by 
neighbouring molecules; and at the same time the 
complexity of that motion; with other information 
of the most instructive kind as regards the rela- 
tions in which the elements stand to one another. 
But the greatest achievement of all, and one to 
which wo may reasonably look forward, has not 
yet been effected. No one has yot succeeded in 
tracing back from the periodicities, the intensities, 
and the other properties of tho lines of the 
spectrum of an clement, what that motion of tho 
electrons within the molecules must have boon 
to have been ablo to produce these prooiso effects. 
The information is given to us by nature in tho 
spectrum exhibited to us. It is written there; but 
in a language which has not yot boon deciphered. 
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Lot us hope that this great discovery, which 
has thrown its shadow so plainly before us, 
will havo # boen mado beforo long. The ground has 
been prepared by many notablo investigations — 
Rydberg’s, and Kaysor and Rungo’s, on the scries 
of lines which exist in the spectra of the elements, 
and the relationships which those investigations 
have brought to light; the study of the Zeeman 
effect, which wc may hope will within a moderate 
time bo mado much more complete than it now is ; 
and tlio many facts with reference to corpuscles, 
each of which either is or contains one electron, 
that have boen elicited with groat skill by Pro- 
fessor J. J. Thomson — all those and some others 
are, tis it were, so many letters of the writing which 
has to be deciphered. Preliminary approaches to 
tlio actual deciphering have been attoiuptcd by the 
writer. Along with the above we have the dyna- 
mical data that the spectrum as we seo it, is caused 
by motions given to the electrons, or more probably 
to some few among them, by tho general shaking 
up of a molecule when it has left off grappling 
with another moloculo, and when its motions have 
settled down into that natural permanent state 
which is consequent upon whatever is the natural 
I>eriodic swing within tho molecule — as modified by 
tho fact that energy is escaping from the molecule 
through its electrons into the surrounding icther. 

If the gas is condensed into a liquid or becomes a 
solid, the froo space about its molecules disappears, 
or at least so much shrinks, that tho porturbations 
b 
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caused by an encounter have not time to have passed 
away during any part of the transit of a molecule 
between one cncountor and the next. Accordingly 
the spectrum of this object is no longer duo to tho 
natural swing of tho motions within molecules 
freed from outsido interference. Whilo a gas is 
being condensed tho motions within a molecule 
which have been perturbed during on encounter 
continue to be confused motions during an in- 
creasing proportion of the shortened flight of tho 
molecule. Accordingly the lines of its spectrum 
become less sharply defined : as tho condensation 
of the gas progresses its spectral lines widen, and 
ultimately they run together and present tho 
appearance which is called a continuous spectrum, 
which sometimes occupies part, in other cases 
occupies tho whole extent of tho spectrum. Of 
this kind arc the spectra of most solid and liquid 
elements when rendered incandescent by heat, as 
well as in that still moro familiar caso whon tho 
electrons that lie near the surface of a body have 
been set in motion by incident light falling upon 
them. In all eases we may take it that objects 
become visible when tho negative electrons and the 
mass of positive electricity within each chemical 
atom havo been displaced in regard to one another, 
and sot swinging in the way that can excite lumi- 
nous undulations in tho surrounding author. 

(1) In olden times the best conception that men 
could form of a gas was that it was somewhat 
like a froth of bubbles in which the molecules 
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of the gas are represented by the bubbles of the 
froth. In those days even scientific men were not 
aware that any activities whatever were going on 
within calm air. (2) Afterwards, when the kinetic 
constitution of gas became understood, the earlier 
crude conception was exchanged for a better one 
in which the molecules were represented as missiles 
travelling about with marvellous energy, whose 
numbers it was possible to estimate, as well as 
the avcrago speed with which they dash about, 
and the average length of their little journeys. 
(3) Another conception of nature, both truer and 
more rocondito, was attained when it became under- 
stood that tho molecules are far more than merely 
missiles, that while they are travelling about subtile 
ovents are all the time going on within each of 
them, involving rapidly alternating displacements 
of tho electricity with which they are charged, and 
as a consequence tho transmission of alternating 
electro-magnetic stresses in the form of waves 
through the surrounding atther. We thus are 
introduced to smaller entities than the missiles, 
to tho negative electrons of which the number 
in each chemical atom sooms, from a remarkable 
investigation by Professor J. J. Thomson, to be 
about tho samo as tho number of times by 
which its atomic weight excoods that of hydrogen ; 
with corresponding positivo charges in each atom, 
equal in amount to the sum of its negative 
electrons, but not like the negative electricity 
split up into separate electrons. Hero, then, the 
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electron is introduced to us as a new entity. (4) Is 
not it, too, a complex systom within which in- 
ternal events aro ever taking place? And when 
this question can be answered shall wo not bo 
in the presence of the inter-active parts of an 
electron ? (5) And do not the samo questions arise 
with respect to these? for there is no appearance 
of there being any limit to the minuteness of the 
scale upon which nature works. (6, Occ.) Nothing 
in nature seems to be too small to have parts 
incessantly activo among themselves. 

Our present position is one. which has been 
reached by slow steps, and we may reasonably 
hope that our successors will be able to continue 
to advance, as there is no visible limit. The 
inquirer who is now entering upon this depart- 
ment of the study of nature will find it much to 
his advantage to take as his starting-point the 
picture of nature, which has taken form in the 
mind of a thoughtful student of the present state 
of our knowledge, such as is presented in the fol- 
lowing pages. This, however, ho should entortain, 
not like a stereotype plate which must remain 
as it is, but rather like well and (irmly set 
movable type, susceptible with ease of any im- 
provements the future may bring with it, while 
before and after each correction it is so (irmly 
(ixed in its frame that the most effectual uso can 
be made of it. 

G. JOHNSTONE STONEY. 


September 1907. 



AUTHOR’S PREFACE 

TO THE SECOND EDITION 


The very flattering reception accorded to the first 
edition of this work has encouraged me to spare 
no pains to bring it up to date. Recent researches 
have, fortunately, shown it to be unnecessary to 
make any very sweeping alterations in the text, as 
thoir results are in satisfactory agreement with the 
theory originally set forth in it. Nothing has oc- 
curred since last year to shake the faith of physicists 
in the electron theory, and the work of its detailed 
application is proceeding steadily. A significant 
sign of its acceptance is the almost complete ab- 
sence of attempts to formulate electrical theories 
not based upon electrons. 

The translation of this work into German and 
Italian goes to show that its distinctive features 
are also recognised abroad. 

I have embodied some of the latest contributions 
to the theory in an Appendix. 

I wish to thank the numerous reviewers for their 
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uniformly friendly judgments and suggestions, and 
especially Mr. Joseph A. Gillott, Dr. T. M. Lowry, 
and the expert of tho Chemists' Club of New York, 
for pointing out certain errors and omissions. 

E. E. FOURNIER d’ALBE. 


CHAPELIZOD, Dl'Cfmbfr 1907. 



AUTHORS PREFACE 

TO THE THIRD EDITION 


Last year’s electrical progress has chiefly taken the 
directions of electro-chemistry, radio-activity, and 
spectroscopy. The most important conclusions 
of these researches have been embodied in the 
Appendix. 

The question of the Hall effect ha* not yet been 
satisfactorily settled. The hypothesis of the exist- 
ence of positive electrons has been lately rendered 
somewhat more probable, notably by the researches 
of Wood and the younger Becquereh but as these 
are open to several interpretations 1 have not con- 
sidered it advisable to depart from the unitary 
theory of conduction as developed by Lorentz. 

It is satisfactory to note that our ideas of atomic 
and electronic dimensions, masses, and charges 
aro becoming rnoro precise. It appears that the 

zxiii 
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charge of the electron is more probably above 
4xl0~ u electrostatic units than below that value; 
but nothing is gained by discarding Thomson’s 
figure until a higher one is definitely established. 

E. E. FOURNIER u’ALBE. 

Dublin, *4u^f 1009. 
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THE ELECTRON THEORY 


CHAPTER I 

INTRODUCTION 

The object of this work is to place before the reader 
a concise and connected account of the now theory 
of electricity and magnetism, which, though, gene- 
rally acccptod, has as yot hardly found its way into 
tho olomontary toxtbooks. The new theory gives us 
a grip of electrical and magnetic phenomena which 
was quito unattainable so long as wo know nothing 
about tho real nature of electricity. Wo now know 
that electricity is a kind of subtle fluid consisting 
of electrons, or very small corpuscles, some thirty 
thousand times smaller than tho atoms of ordinary 
matter. Tho electron theory is that theory which 
reducos all electric and magnetic phenomena to the 
distribution and motion of theso electrons. To gain 
a clear grasp of tho nature and properties of the 
electron is, therefore, henceforth the first stop in 
the knowledge of olectricity. In presenting it to 
the reader, my first objects will bo simplicity and 
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lucidity, and I hope to enable those readers whose 
mathematical attainments have not transcended the 
elementary rules of algebra to master the essontial 
principles of the science, so ns to be able to apply 
them to practical problems. 

A theory has two functions — one is to register a 
large number of isolated facts in due order, and the 
other is to give us an insight into their connection 
with each other, so as to be able to deduce one from 
the other and to predict new facts and produce 
effects hitherto unknown. The electron theory 
fulfils both theso functions in a manner which 
no previous theory of electrical phenomena has 
been able, even remotely, to approach. 

In no branch of human knowledge have greater 
difficulties been encountered in framing an adequate 
theory than in the science of electricity. The be- 
wildering variety of the phenomena, tho constant 
stream of new facts and discoveries, the revolutionary 
character of many of them, and tho intangible nature 
of the agent itself, combined to rendor tho formula- 
tion of an all-embracing theory difficult. But the 
reward of arduous work has been correspondingly 
great. To-day we know more about tho atom of 
electricity than we do about the atom of pondorable 
matter. We can contemplate it as a centre of force 
producing tho old phenomena of the pith ball and 
the gold leaf and the rubbed glass rod. We see it 
in swift motion in the vacuum tube, and in slow 
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motion along the current-bearing wire, now no 
longer the inscrutable mystery it was ten years ago. 
We observe its surgings to and fro in the alternating 
current, and follow tho waves it emits across space 
into the wireless receiver. Wo imagine its orbital 
motion round the atom it clings to, and the vista of 
magnetic phenomena flashes into view. We watch 
it dragging along that same atom through the 
olectrolytic cell, and gain an insight into the secrets 
of chemistry such as seems likely to remodel that 
whole vast science. Not content with having an- 
nexed practically the whole of physics and chemistry, 
our new conception launches out into unexplored 
fields. It hints at tho transmutation of tho elements, 
the constitution and destruction of matter, the 
explanation of inertia, and an electrical theory of 
mechanics as an answer to the all-pervading influ- 
ence hitherto exercised by mechanical conceptions. 
The olcctron theory, this latest and widest of 
scientific generalisations, is tho fitting reward of 150 
years of laborious research. A somewhat unusual 
circumstance attending its victory lies in the fact 
that it supplements rather than displaces tho older 
theories. It has something of Franklin’s one-fluid 
thoory about it, inasmuch as it links all electric 
phenomena with tho distribution and motion of a 
kind of gas possessing a pressure and an atomic 
structure. It supplements the analytical specu- 
lations of Ampere and Weber by providing the 
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necessary material substratum, and fits itself, lastly, 
into the ether theories of Maxwell and Hortz by 
telling us what is at the ends of tho linos and tubes 
of forco whoso distribution and motion have played 
such a useful and almost exclusive role in tho 
electromagnetic theory of yesterday. 

This may partly account for tho almost ominou , 
silence with which the now theory has made its 
appearance in the electrical world. It has not been 
heralded by a ilourish of trumpets, nor has it been 
received with violent opposition from the oldor 
schools. No one man can claim tho authorship of 
it. Tho electron dropped, so to speak, into the 
supersaturated solution of electrical facts and specu- 
lations, and furnished the condensation nuclous 
required for crystallisation. Ono after another 
the molecules — the facts of electricity — fell into 
line, and ono department of electrical scionco after 
another, crystal on crystal, clicked into its place, 
dispersion first, then electrolysis, then gas discharges, 
then radium rays, then metallic conduction, and, 
lastly, magnotism. 

Nor is the crystal fully shaped yet. Tho eloctron 
theory has to absorb every detail, to assimilato the 
vast store of accumulated facts, to find a place in the 
edifice for every loose brick, to strengthen every 
weak place, — and there are still many, though they 
diminish daily in number and importance. 

Our textbooks, always shy of innovations, must 
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gradually be brought round to the newer views. 
They must be given courage to speak about “elec- 
tricity’' — a • word they have lately been chary of 
using, as it conveyed no meaning! The scientific 
electrician had becomo accustomed to deal with 
“electrification" or "electric quantity" as the only 
thing he knew, and to leave the use (and misuse) of 
the word “electricity" to tho layman. The electrical 
theorist found a refuge in differential equations 
involving pure quantities, and dealt with them by 
mathematical rules, alias generalisations from the 
results of experiments in counting. The practician, 
having no such vast experience in processes of count- 
ing, but having instead a close familiarity with the 
behaviour of bodies and substances, also derived from 
vast experience, found that tho habits of thought 
thus acquired did not assist him towards an intimate 
knowledge of tho nature of electricity. He did his 
best by annexing Faraday’s semi-material “lines of 
forco,’’ and applying them to problems of induction 
with truly astonishing industrial results. What he 
will do when he gets a grip of tho electron we can 
only faintly guess. 

Will the electron theory bo final, or will it in turn 
be superseded by another theory? This is a very 
pertinent question, but moro pertinent for the text- 
books and professors than for tho research worker or 
tho practician. In ono sense, no theory is final. A 
final theory is the death of science. When a man 
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frames a theory ho is delighted to find it confirmed 
everywhere. When ho comes across a case where it 
fails, he should bo equally delighted, for ho has 
found a really new truth, a truth not contained 
implicitly in his theory. Hut a theory may be final 
in the sense that Now ton’s gravitational theory is 
final. That theory applies to all ponderable matter 
at distances beyond molecular range. The olectron 
theory applies to all electrified and magnetised 
matter, and has even been made to inoludo gravita- 
tion as a special case. If it can bring the whole of 
electrical and magnetic phenomena into ono well- 
ordered system, not to speak of chemistry and 
mechanics, it will bo of permanent and incalculable 
value. If it succeeds in analysing the chemical 
atom, it will abolish ono of those puzzling complexi- 
ties of which the human intellect is so persistently 
impatient — the variety of the chemical elements. 
Progress in this direction will tend to unify physical 
science, and leave the road froo for advance into 
those realms of infinitely groater complexity which 
harbour the phenomena of lifo. 



CHAPTER II 


THE ORIGIN AND DEVELOPMENT OF THE 
ELECTRON THEORY 

The first serious attempt to formulate a theory of 
electricity as distinct from a vague guess or a pro- 
visional hypothesis was made by Benjamin Franklin, 
who announced his one-fluid theory in 1750 in his 
letters to Collinson. He supposed that a subtle' 
fluid or "electric fire’’ was distributed throughout 
the world, that it was attracted by ordinary matter, 
but that its particles repelled each other. The fluid 
can penetrate metals, but not insulators. Being, 
however, attracted by insulators, like glass, it ac- 
cumulates at the surface only. To explain why a 
glass rod should be electrified by friction, Franklin 
made tho fantastic assumption that the glass, being 
expanded by the heat, takes up more than its 
ordinary share of tho fluid, and seeks to give it up 
again on cooling. This explanation seems forced; 
but it should be remembered that frictional electri- 
fication is, up to the present day, the least explained 
of all eloctric phenomena. 

Franklin’s theory, in order to be consistent, had 
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to assume that atoms of ordinary matter repel each 
other, and this was at once perceived to be. at 
variance with the facts of gravitation and cohesion. 
But how close tho agreement is between Franklin’s 
one-fluid theory and tho electron theory may bo 
seen by putting the latter into Franklin’s language 
as follows : — 

“Through all corporeal nature one subtle matter 
is distributed, which contains the reason and cause 
of all electric phenomena. The particles of this 
fluid repel each other. All matter in its normal 
state contains a fixed quantity of this fluid. If 
any portion of matter is deprived of some of this 
fixed quantity, it attracts the fluid with a force 
proportional to the amount it has lost, and repels 
another portion of matter that has suffered a similar 
loss. All electric phenomena are due to tho dis- 
tribution and motion of the particles of the fluid.” 

Franklin’s theory failed on tho question of con- 
ductors v. insulators. He supposed that conductors 
could take up any amount of the fluid and store 
it throughout their substance, while insulators could 
only store it on their surfaces. Tho modern version 
is that conductors take up an additional amount 
of the fluid, within limits depending upon circum- 
stances, and store it on their surfaces only. On 
the other hand, they cannot be doprived of more 
than tho “fixed quantity” mentioned above. But 
the fundamental difference between the old and 
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the new views lies in the use of the words "posi- 
tive ’’ and “negative." In an evil hour the elec- 
tricity derived from rubbed glass was called positive 
electricity, and the electricity derived from amber 
was called negative. The fact that the two elec- 
tricities neutralised eaoh other made the terms 
justifiable ; but there was nothing to indicate which 
kind was the real and only fluid. It was assumed, 
at haphazard, that the glassy electricity was the 
fluid, and for 150 years all algebraic signs continued 
to bo placed in accordance with that idea, and they 
continue so to the present day. Thus we speak 
of the " positive polo " of a battery as the pole 
from which the glassy electricity appears to flow, 
whereas wo know now that if there is a flow at all it 
is towards that same pole, the flow in the reverse 
direction being insignificant in comparison. This 
fundamental difference is not apparent in our Frank- 
linian vorsion of the electron theory above ; but it 
makes a very radical difference, and places a serious 
obstacle in the way of popularising a logical ter- 
minology. We have to learn that the “negative” 
electricity is the oleotricity, and the negative current 
the curront. In the present period of transition, 
great caife must be exercised to prevent confusion, 
and away of doing so will be indicated later on (p. 8G). 

The one-fluid theory, as we have seen, did not 
succeed very well in explaining frictional electri- 
fication. Hence, when, in 1759, Symmer brought 
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out his two-fluid theory, it mot with a wide accept- 
ance, and continued in active possession until the 
phenomena in vacuum tubes began to exhibit an 
essential difl'erenoo between positivo and negative 
electrification. 

The fluid theories wore marvellously ingonious, 
considering the poverty of the materials upon which 
they were based. In the whirl of subsequent dis- 
coveries, they were like guiding stars faintly visible 
through a mist. Sometimes they were almost lost 
sight of in the crowd of new facts and speculations ; 
but other forces were at work to bring order into 
the chaos. The greatest force was the advance in 
measurement. Lane’s unit jar in 1781 was the 
true beginning of electrical scienco, if we accept tho 
dictum that “ Science is measurement." Coulomb's 
torsion-balance (1784-1788) gave us two new inverse- 
square laws in addition to tho Newtonian ono of 
gravitation. The mathematicians had bogun to 
handle these now laws with fruitful rosults when 
the scientific world was startled with Galvani’s 
frog in 1791, and kept in a state of agitation by 
the long controversy between Volta and Galvani 
concerning a third fluid, which the latter persisted 
in calling “animal eloctricity." Volta’s pile in 
1799, followed by Cruikshank’s and Davy’s electro- 
chemical work, closed the eighteenth century, which 
left the theory of electricity in wild confusion, and 
its devotees torn by endless dissension. 
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This state of things, coinciding with the Napoleonic 
wars, accounts for the temporary collapse of electrical 
research in the new century. There is hardly any- 
thing to chronicle between 1800 and 1820, except 
perhaps young Grotthus’s hypothesis (1805) and 
Poisson’s mathematical treatment of electric and 
magnetic potential (1811), based upon Coulomb’s 
laws. In revenge, tho next twenty years brought 
forth a flood of discovery such as has rarely been 
crowded into so short a time, and remained un- 
equalled until the revolution of 1896. Amp&re, 
Oerstedt, Biot, Savart, Seebeck, Ohm, Peltier, Farar 
day, Weber, and Joule, all fall within this period. 
Truly a galaxy of genius and phalanx of philosophy. 

Oerstedt, in 1820, threw the first bridge between 
electricity and magnetism. Seebeck connected elec- 
tricity with heat, and Faraday linked tho phenomena 
of electricity and motion, and laid the foundation of 
tho two great modern theories of electricity and 
magnetism : Maxwell’s ether theory and the electron 
theory. Tho latter foundation he laid, however, 
unwittingly, being personally disposed to consider 
rather what happened in tho medium between 
ladies than what happened in the bodies them- 
selves. 

It is interesting, in the light of the modern 
electron theory, to read somo passages from Weber’s 
Werke, where he foreshadows the atomic theory 
of electricity. Thus in vol iv. p. 279, we read: 
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“ Considering the general distribution of electricity, 
we may assume that an electric atom is attached 
to every ponderable atom.” And again, p. 281: 
“ Let e be the positive electric particle ; let the 
negative one bo equal and opposite, and let it be 
denoted by — e. Let only the latter have a pon- 
derable atom attached to it, and lot its mass be 
thereby increased to such an cxtont that the mass 
of the positive particle vanishes in comparison. 
We may then regard the particlo — e as stationary, 
and only tho +e as revolving round — e.” [I have 
italicised the words which show that Weber’s con- 
ception is exactly tho reverse of tho modern one.] 
He proceeds : “ The two dissimilar partidos, boing 
in the molocular state of aggregation described, 
then represent an Ampirian molecular current, for 
it can be shown that they fulfil the assumptions 
made by Ampere concerning his molecular cur- 
rents.” Finally, on p. 292 : “ The vis viva (leben- 
rUrfe hraft) of all tho molocular currents contained 
in the conductor increases, while tho current passes 
through in proportion to tho resistance and to the 
square of the current intensity.” 

Substitute "electrons” for "molecular currents,” 
and you havo nearly tho modern view of molallic 
conduction. 

The most important dates in Faraday’s career 
wore 1831 and 1833. In the former year he dis- 
covered electromagnetic induction, and did for a 
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varying current what Oerstedt had done for a steady 
one — viz. established the link between electricity 
and magnetism. This discovery naturally predis- 
posed him to devote his attention to the happenings 
in the dielectric medium rather than the conducting 
substance. And yet ho made, two years after, a 
discovery of transcendent importance which was 
bound sooner or later to lead up to an atomic 
theory of electricity. It was that whenever two 
metals or othor elements of the same valency are 
deposited or evolved in the electrolytic cell, the 
amounts of electricity consumed, as measured by 
Lane’s unit jar or other instrument, are inversely 
proportional to the atomic weights of the elements. 
Or, in other words, that the electricity attached to 
every atom of a given valency is the same, and 
that if a metal is divalent its atom is associated 
with twice the usual atomic quantity of electricity. 

Commenting upon this discovery in his Faraday 
lecture, Holmholtz said : “ If we accept the hypo- 
thesis that elementary substances aro composed of 
atoms, we cannot avoid tho conclusion that elec- 
tricity, positive as well as negative, is divided into 
definite elementary portions which behave like 
atoms of electricity." 

James Clerk Maxwell, who, following in Faraday’s 
footsteps, worked out a beautiful and successful 
theory based upon tho properties of the medium, 
also saw the force of this conclusion, without, how- 
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ever, being able to follow it up owing to the lack 
of experimental data. In the first edition of his 
“Electricity and Magnetism,” published in 1873, 
he says (p. 312): “Suppose, however, that wo leap 
over this difficulty by simply assorting tho fact of the 
constant value of the molocular charge, and that wo 
call this constant molecular churgo, for convenience 
of description, one atom of electricity.” Later on, 
however, he adds : “ It is extremely improbable that 
when wo come to understand tho true nature of 
electrolysis we shall retain in any form the theory 
of molecular charges, for then wo shall havo ob- 
tained a clear basis on which to form a true 
theory of electric currents, and so becomo inde- 
pendent of these provisional theories.” 

Maxwoll’s vision hero was clouded, for the theory 
“of molecular charges” now holds the field in 
undisputed possession, after docisivo victories in 
four different quarters where its attacks were little 
dreamt of in 1873. 

The very next year an Irish physicist, G. John- 
stone Stonoy, at tho Bolfast meeting of the British 
Association, drew attention to this “atom of elec- 
tricity” as one of the three fundamental physical 
units of nature (the others being the velocity of 
light and tho constant of gravitation), and gave 
an approximate calculation of its value. He said : 1 

1 See Scientific Proceedings of the ltoyal Dublin ^Society, Feb. 
1881, p. 54. Philos . Mag., May 1881, pp 385, 386. 
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“Finally, Nature presents us in the phenomena of 
electrolysis with a single definite quantity of elec- 
tricity, which is independent of the particular 
bodies acted on. To make this clear I shall ex- 
press ‘ Faraday’s Law ’ in the following terms which 
as I shall show, will give it precision — viz. for each 
chemical bond which is ruptured within an electro- 
lyte, a certain quantity of electricity traverses the 
electrolyte which is the same in all cases. This 
definite quantity of electricity I shall call E x .” 

He calculates the actual charge by dividing the 
quantity of olectricity required for tho electrolysis 
of 1 c. cm. of hydrogen by the number of hydrogen 
atoms in 1 c. cm. as given by Loschmidt, and finds 
10-20 « am peres ” (now called absolute electromagnetic 
units of quantity). This figure compares well with 
the latest valuo for the electron — viz. 1*1 x 10 _ai E.M. 
units. 

In 1879 followed Crookes’s epoch-making experi- 
ments on tho mochanical properties of those mys- 
terious vacuum discharges called cathode rays by 
Goldstein, and studied by Plucker and Hittorf 
since 1859. Crookes, pushing tho vacuum to the 
furthest attainable point, and leaving in the tube 
only one-millionth of the air originally contained 
in it, obtained what he called “radiant matter” in 
a fourth stato, superior in dilution to the gaseous 
state, and marked by a still further disappearance 
of differentiating qualities such as is observed in 
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passing from solid to liquid and from liquid to gas. 
He actually constructed a little windmill driven by 
a torrent of electrons, of the real “oloctric fluid” 
as wo now know it, without, however, quite realising 
the tremendous feat he had accomplished. His 
opinions and theories were smiled at as being too 
“grossly material,” and the discoveror had to wait 
twenty years before they were brilliantly confirmed. 

The same year that witnessed Crookes’s demon- 
strations before the Royal Socioty saw tho realisa- 
tion of tho long-chorished dream of deflecting a 
current in a conductor by means of a magnetic 
field. Crookes had deflected his "radiant matter” 
by a magnet, and so what more natural than to 
expect that a magnet should defloct the same matter 
when picking its way through the substance of a 
metal ! This was accomplished at last by Hall of 
Baltimore, by bringing a very thin film of gold into 
a strong magnetic field, and finding that tho eloc- 
tricity tended to make its way out by the sides 
when the current was turnod on. If this discovery 
had been followed up with any spirit, tho true 
import of tho negative current as the real current 
would have been realisod soventcon years earlier 
than it was. Hall himself observes: 1 — 

“If we regard the electric current as a stream 
flowing from tho negative to the positive pole, tho 
phenomena observed indicate that two currents 

1 American Journal of Mathematic*, vol. ii, p. 287, 1870. 
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parallel and in the same direction tend to attract 
each othor. . . . Whether this fact, taken in con- 
nection with what has been said above, has any 
bearing upon the question of the absolute direction 
of the electric current, it is perhaps too early to 
decide." 

In the following year Von Ettinghausen actually 
claimed to prove that the current proceeded from the 
negative pole with a velocity of a few millimetres per 
second. This result was, as we shall see, not far 
from the truth. 

Taken in conjunction with the effect produced 
on light by reflecting it from a magnetised surface, 
discovered by Kerr in 1875, the Hall effect might 
have led vory close to the modern electron theory, 
but for the difficulty of distinguishing betweon forces 
on electricity and forces on conductors. Without 
any idea of the density or inertia of the particles of 
electricity, all quantitative deductions necessarily re- 
mained as vaguo as Franklin’s original “ electric fire.” 

That avenue being barred, electric research took 
other directions. One of the most fruitful of these 
was electrochemical research, which, since Faraday’s 
fundamental discovory, had occupied a school by 
itself, cultivating but little intercourse with the rost 
of the electrical world. Hittorf, Clausius, and Kohl- 
rausch had, with infinite patience, traced the migra- 
tion of the ions through the liquid in the electrolytic 
cell, discovered thoir mutual independence, and 
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formulated tlio theory of ionisation, culminating in 
tho memorable announcement by Arrhonius in ] 884 
that at infinito dilution all moleculos of. the electro- 
lyte would bo dissociated and free to obey electric 
forces. This discovery, togother with van’t lloffs 
work on osmotic pressure, formed the foundation 
on which Ostwald and Nernst have since been able 
to raise tho imposing edifice of the chemistry of 
ionisation. 

Meanwhile. Maxwoll’s electromagnetic theory was 
radiating out from Cambridge, and gradually attract- 
ing to itself the leading thinkers of tho Continent, 
who felt the inadequacy of tho mathematical theories 
of Weber, Clausius, and Kicmann, based upon action 
at a distance between charged points. Maxwoll’s 
successor at Cambridge, J. J. Thomson, took his 
first stop towards tho modern corpuscular theory 
of electricity in the light of Maxwell’s viows of 
electromagnetic energy by calculating, in 1881, tho 
quasi-inertia ” possessed by a charged body in virtue 
of its charge alone. 

But the doubts engendered by the two main lines 
of thought were removed with dramatic suddonnoss 
by a few simple experiments made by Hertz, at 
Bonn, in 1888. /He proved that electric force has 
a finite rato of propagation, and that, if a body is 
charged, the field of force around it does not per- 
vade all space instantly, but takes a certain time — 
very short, but still measurable — to reach a distant 
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point. Tlio speed was found to bo the same as 
that of light — viz. 180,000 miles per second.* 

This momentous discovery turned the tables com- 
pletely on the theories of instantaneous action at 
a distance, and enthroned Maxwell's theory in every 
Chair in Europe and America. For half a genera- 
tion after those experiments men were feverishly 
engaged in testing dielectrics, and making them 
convey waves of electromagnetic force, the wave of 
research itself culminating in the triumphs of wire- 
less telegraphy. 

In the struggle for the mastery of the dielectric, 
the harmless necessary conductor was in sore danger 
of being lost sight of altogether. But already there 
were indications of the dawn of a new light pro- 
ceeding from tho vacuum tube — a piece of apparatus 
which, owing to its many vagaries, had acquired an 
evil reputation as a kind of theory-trap, and had 
for some time been shunned by all but the most 
reckless or courageous pioneers. Arthur Schuster 
was the first to break distinctly new ground, by 
calculating, with tho aid of the magnetic deflection, 
tho ratio of the charge to tho inertia possessed by 
what he, rather unfashionably, called the cathode- 
ray particles. This ratio came out very high, in- 
dicating that either the chargo must be high or 
the mass very small. Every one thought there was 
something wrong about this measurement, especially 
when, in 1893, Lenard succeeded in persuading the 
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rays to pass out through an aluminium “window” 
into the open air, and proclaimed them, on the 
strength of their absorption, to be composed of 
ether waves. Wo now know that Schuster was 
right and Lenard wrong; but it took five yoars 
of controversy boforo Lenard gave way boforo an 
avalancho of new facts, and finally surrendered. 

Towards the ond of 1895 tho world was startled 
by the announcement that a professor in Wurzburg 
had discovered rays which could penetrate tho 
human body and show up the bones as shadows. 
This discovery, made by ltilntgon by moans of a 
vacuum tube, converted the latter from being 
the most despised into being tho most universally 
popular of scientific instruments. 

In tho nineteenth century four opochs stand out 
as of transcondent importance in tho lifo- history 
of tho science of electricity. They are 1820, 1833, 
1888, and 1896. In 1820, with Oorstcdt, Ampere, 
Biot, and Savart, tho twin sciences of magneto- 
electricity and electro-dynamics started into being. 
In 1833 Faraday linked them with chemistry. In 
1888 Hertz annexed the ether and confirmed Max- 
well’s theory; and finally, in 1896, the electron 
theory was enthroned above all others its thoir 
culmination and fulfilment, with almost equal 
suddenness and with much less opposition than 
that which Maxwell’s theory had encountered. 

In that year, Zeeman, of Loydon, discovered that 
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the spectrum of the light from a sodium flame could 
be modified by a powerful electromagnet, the lines 
being doubled when seen in one direction and 
trebled when seen in another. This phenomenon, 
mysterious at first sight, was found to be fully 
explained by a theory formulated by H. A. Lorentz 
sixteen years before — a theory which reduced the 
action of matter on light to the presence of minute 
charged corpuscles revolving round the atoms. 

The samo year also saw tho discovery of uranium 
radiation by H. Bocquerel. The vast significance 
of theso discoveries was perceived in the following 
year, when J. J. Thomson succeeded in determining 
tho ratio of the charge to the mass of the cathode- 
ray particles, and, to his great surprise, found this 
ratio to be identical with that of the Lorentz 
corpuscles. 

Disco vories now followed in rapid succession. 
Rutherford extended the corpuscular theory to 
atmosphoric electricity. The Curies discovered 
radium and its radiation of electrons, and then 
proved that radium omits heat and charged particles 
without cessation. Everywhere, and sometimes in 
the most unexpected quarters, the same electron — 
the same fundamental quantity of “negative” elec- 
tricity — was rediscovered. Schuster, Simon, Kauf- 
mann, Townsend, Wilson, Riecke, Drudc, and a 
host of others busied themselves with investigating 
its properties; and one realm of electrical science 
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after another was annexed to tho all-embracing 
electron theory. Abraham, Sommorfold, Buchcror, 
Wien, Larinor, Lange vin, and Lodgo extended tho 
theory, both mathematically and experimentally, 
and reconciled it with tho fundamental equations 
of Maxwell and Hertz. Nor is the work yet com- 
pleted. Every day brings now material and new 
conquests. A fresh zest has boon given to research 
in all branches of electricity, and hosts of workers 
are engaged in pushing tho new conceptions to their 
logical conclusion. When they have reached the 
engineers and practical men, now discoveries and 
inventions of far-reaching import may be confidently 
anticipated. 



CHAPTER III 


THE ELECTRON AT REST 

1. Properties of the Electron. — The electron is 
the smallest electrified body capable of separate 
existence. Its mass is approximately 0‘G1 x 10 
grammes. Its radius is roughly estimated at 
10~ 13 cm. Its charge consists of what has hitherto 
been called “ negative ” electricity — i.e. the electricity 
possessed by a stick of sealing-wax when rubbed 
with wool. 

The fundamental property of the electron which 
distinguishes it from ordinary matter is that it 
repels another electron, instead of attracting it, as 
two pieces of matter Avould do. When one electron 
is placed at a distance of 1 cm. in a vacuum from 
another electron, it repels it with a force of 1*16 x 
10~ 19 dynes, a force which is something like a quad- 
rillionth of a pound. This force may appear 
excessively small, but, as a matter of fact, it is 
enormous. It is more than a trillion trillion times 
(more precisely, 10 43 times) greater than gravita- 
tional attraction, which accounts for the weight of 
bodies on the earth’s surface and the motion of 
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the heavenly bodies, liow enormous it is may bo 
realised by the following imaginary experiment. 
Let two masses, M M, (Fig. 1), say of load, weighing 
1 gramme oach, bo placed 1 cm. apart. They 
will attract each other with a forco of G'tixlO* 8 



E 


Kio. 1. 



dynes, a forco quilo too small to be 
measured by any known instrument. 
But now let 2 grammes of pure 
negative electricity, E K,, made up 
of electrons, be placed side by side 
at the same distance. They will 
repel each other with a forco of 
2 1 x 10 il dynes, or 320 quadrillion 


tons : 


Even if they were placed, one at the North Pole 
of the earth, and the other at the South l’olo, they 
would still repel each other with a force of 192 
million tons, and that in spite of the fact that the 
force decreases with the square of tho distance. 
That force would bo capable of imparting to each 
of these grammes of pure electricity a velocity equal 
to that of light in loss than a millionth of a second, 
and would only fail to do so owing to the fact 
that the inertia of each eloctron becomes infinite, 


or nearly so, as it approaches tho velocity of light. 
In any case, it is obvious that the experiment must 
remain purely imaginary. 

We obtain somewhat less appalling figures if 
we suppose there to be only 1 gramme of pure 
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electricity, and a single electron placed at 1 cm. 
from it. The force is still 194 million dynes; but 
if wc separate the two bodies, as before, by the 
distance of tho earth’s axis, the force reduces itself 
to tho inappreciable amount of 1*2 x 10 -10 dynes. 
Small as this for^e is, it must bo remembered that 
tho mass at one end of its line of action has been 
reduced in tho same proportion, so that the single 
electron will be projected just as before with tho 
same explosive velocity. We should have to remove 
it as far as the sun to reduce the acceleration to 
something like manageable proportions, and even 
at that enormous distance ( = l’53xl0 13 cm.), the 
force exerted by 1 grammo of pure electricity on 
earth upon all the free electrons in the sun would 
suffice to impart to them a velocity equal to that 
of light in 20 seconds. 

It is quite evident from tho above considerations 
that in all ordinary electrical phenomena, we are 
dealing with a very minute quantity of free elec- 
tricity. Lot us attompt to arrive at some idea of 
its amount. 

2. Electrons and Matter . — Wo deduco from the 
laws of electrolysis that every atom of matter 
is capable of temporarily uniting with a definite 
quantity of electricity, which is oxactly proportional 
to its chemical valency, but is otherwise indepen- 
dent of the nature of the element. Thus in the 
electrolysis of hydrochloric acid every atom of 
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chlorine brail's to the anode a definite quantity 
of negative electricity, a quantity which wo can 
measure with a galvanometer. Knowing. tho weight 
of the chlorine evolved anil tho weight of the atom 
of chlorino (as wo do), wo cau find by a simplo 
calculation that tho quantity transported by each 
atom is, as nearly as wc can make it out, just one 
electron. Wo therefore conclude that every atom 
of chlorine in tho electrolytic coll has one electron 
somehow associated with it, but associated in such 
a manner that it is ready to be detached when a 
finite force is brought to bear upon it. In tho 
normal state tho chlorine atom does not carry this 
electron with it, and it is therefore uncharged. 

Other elements — such as hydrogen and the metals 
— are also uncharged in tho normal state. Each 
atom contains a number of electrons, but their 
electrical action is compensated by some force 
within the atom which, for lack of a better term, 
we may call “positive electricity”; but each of 
their atoms, when placed in an oloctrolytic cell and 
subjected to electric force, is liable to temporarily 
lose an electron — or two electrons if tho element 
is divalent — and thoroby become “ positively ” 
charged. 

We have, therefore, reason to suppose that in 
any uncharged lump of a divalent metal — say a 
ball of copper — there are at least twice as many 
electrons as there are atoms. Since the connection 
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between the atoms and these electrons is not rigid, 
we may snpposo that this proportion is liable to 
variations. -'When tho electrons are in excess of the 
usual number, we find that the ball is negatively 
charged; when there is a deficiency, the ball is 
positively charged. Having scon above what enor- 
mous forces the electrons arc capable of exerting 
upon each other, we have no difficulty in conceiving 
adequate causes for such variations. 

Now, when tho balls are thus charged, it is found 
that the electrons, or the positively charged 
atoms, in spite of their mutual repulsion, do 
not shoot out of tho metal into the sur- 
rounding air. They traverse the metal with 
very little friction, but experience a great 
resistance at the boundary between metal 
and air. They therefore take up a position 
of equilibrium on the surface itself, and stay 
there, leaving the interior of the metal 
uncharged. 

Next, suppose that two small copper balls, 

A and If, are suspended side by side by in- 
sulating fibres 1 m. long (Fig. 2). Let them 
be negatively charged, so as to repel each ^ ® 
other, and remain 1 cm, apart. Then the Fia,a ‘ 
force between them is easily proved to be 5 j 5 th 
part of their weight. If their radii are 1 mm. each, 
what number of free electrons will suffice to produce 
the necessary repulsion ? 
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The following data aro easily calculated : — 

r.. 

Volume of each ball . . . 4'2 x lO^cm. 

Weight (density 8 '03) , . 375 x I0~* gr. 

Force of repulsion . . . 1'87 x 10 -4 gr. 

—O' 184 dynes. 

This is the force that would b*e exerted by 1260 
million electrons upon an equal number placed at a 
distance of 1 cm. in air. This is, then, the number 
of free electrons in each ball. 

The number seems exceedingly high, but we shall 
soon see that it is but an insignificant fraction of the 
total available electrons present. 

According to the most trustworthy estimates, tho 
total number of atoms contained in a cubic centi- 
metre of solid copper is about one quadrillion, or 
1'23 x 10 J *. Now each of our balls having a volume of 
4'2 x 10 s c. cm., would contain (1*28 x 10'-’ 4 )( 1*2 x 10 s ) 
atoms, and double that quantity of detachable elec- 
trons, or 10,800 trillion. The ratio of detachable 
electrons to extra electrons is therefore 


10,300 trillion 
i,260 million 


8 billion. 


Hence if, for every eight billion combined electrons 
in the copper, wo add one extra electron, wo obtain 
tho necessary force of repulsion. Since a neutral 
atom deprived of an electron repels another such 
atom with the same force as that which exists be- 
tween two electrons, we may also produce tho same 
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repulsion by removing from each ball one electron 
out of every eight billion that are in it ; they then 
repel each other by virtuo of their positive charges. 

On account of the intensity of the forces called 
into play, it is found praotically impossible to remove 
more than about one-millionth of the detachable elec- 
trons, or add more than that proportion to those 
already there. This explains why the charging or 
discharging of a body produces no perceptible differ- 
ence in its weight. If, however, by some special 
contrivance, electrons or positive atoms are continu- 
ally discharged from a body, the body is gradually 
disintegrated. This happens to tho cathode in a 
vacuum tube and to the positivo carbon in the arc 
lamp. 

Wo may now formulate the forces between electrons 
and positively charged atoms a littlo more precisely 
as follows: (a) Every electron placed at a distance 
of 1 cm. from another electron ropols it with a force 
of TIG x 10~ 19 dynes. ( b ) Every neutral atom from 
which ono electron is removed repels any similar 
atom placed at a distance of 1 cm. with the same 
force — viz. 1*16 x 10 -19 dynes. And, on the other 
hand, (c) every electron attracts every neutral atom 
from which one electron is removed, when placed at 
a distance of 1 cm. from it, with the same force — 
viz. 1*16 x 10 -19 dynes, or if two, three, &c., electrons 
have been removed, with a force two, three, &c., 
times that amount, (d) All these forces vary in- 
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vorsely as the square of tlio distance, unliss that 
distance is so small as to become comparable with 
the dimensions of tlio atom (*.<*. 10 8 cm.). 1 

It follows from the law of attraction that an elec- 
tron cannot be removed from a neutral atom without 
a very great force as compared with its mass. The 
attraction between them is tbo strongest cohesivo 
force we know, and if it accounts for cohesion to any 
perceptible extent, tho forco required will at least be 
that necessary to rupture the metal or other sub- 
stance. If the law of attraction holds good down 
to molecular dimensions, which are of the order of 
10~ 8 cm., wo can calculate the forco betwoon an elec- 
tron and the atom it is being induced to leave. We 
need only divido tho attraction at 1 cm. by the square 
of the distance, or 10 _1B . The force then becomes 


lie x nr 13 
"i«r iS ' 


or riOx 1U~ 3 dynes. 


This force, acting upon an electron for one second, 

1 According to the elect ror> theory of gravitation (W. Sutherland, 
I'hil. Dec. DH>4), the attraction between opposite charges is 

greater than the repulsion of similar charges in tho ratio of 
(1 H)' 43 ) : 1, thus accounting for a very small resultant attraction. 

In the electron theory the attractions and repulsions are, like 
gravitational force, independent of the manner in which the inter- 
vening space is filled up. Matter free from electrons would have 
no electrical effect whatever, and can be theoretically replaced by 
pure ether in all electrical problems. The effects hitherto ascribed 
to the u specific inductive capacity ” or dielectric constant of the 
medium are accounted for by the charges which that medium 
contains. 
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would give it a speed measured by the ratio of 
the force to tho mass, or — 


• 116 xl(H 

001 x 10-" 


TO x 10“ cm ~ 
sec. 


This result shows that any electron coming within 
the radius of molecular action would be instantly 
captured and absorbed by a positively charged atom. 
Since tho number of free electrons in the universe 
is by all accounts strictly equal to the number of 
positively charged atoms, or, rather, valencies of 
such atoms, it is difficult to conceive how it is pos- 
sible for any electrons to have remained free at 
all. Were they all to become absorbed, as they 
some day will be most likely, there would be no 
electric action of any kind, and, wo suspect, no 
chemical action either, and two sciences would 
become superfluous. 

To understand why we have escaped that fate, we 
may take an analogy on a very large scale. The 
force exerted by tho sun on tho earth is some four 
trillion tons. Yet tho earth does not fall into the 
sun, on account of the centrifugal force generated by 
its own velocity. Lot us see what velocity would be 
required to keep tho electron from being absorbed 
by the atom. Tho force to be counterbalanced is, 
as we havo seen, 1*16 x 10-» dynes. Tho centrifugal 
force of a body of mass to describing an orbit of 

radius R with a velocity v is . Substituting for 
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m the mass of the electron (Ol>lxlO~ w gramme), 
and lor II its distance from tho centre of the atom 
(10~ 8 cm.), wo got — 


1-16 x Ur s 


0-61_x 10-”xt J 
10 •» 


which gives v — ± 1'3S x 10 8 cm. per second. This 
orbital velocity of the electron, though large, is quito 
conceivable, inasmuch as it is still less than s iolh 
the velocity of light (the utmost attainable speed). 
Knowing the size of the orbit, wo can calculate the 
number of revolutions it makes per second. This is 
2 - 2 x 10 1S or 2200 billion. As we shall see below, 
tho revolving electron sends out ether-waves into 
space with the velocity of light (3 x 10 10 cm. per 
second), lienee the length of these waves is 


3 x lo l " 
2-2x 10'°’ 


or 13() x 10^ ] mm. 


This wave-length is about one-third of that of the 
shortest visible light-waves. The waves emitted by 
the electron are thus waves of ultra-violet light. 
Now, by Kepler’s law wo can easily find what dis- 
tance between electron and atom would give us any 
required wavo-length. By that law the squares of 
the periods of revolution are in the same ratio as t>he 
cubes of the distances. If, therefore, wo make the 
distance 10~ 7 cm. instead of 10~ 8 , wo incrooso tho 
distance ten times, and tho cube of it 1000 times. 
The wave-length will, therefore, bo increased in tho 
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ratio of *71000 : Jl, or 31 - 6 times. This gives for the 
wave-length of the light emitted by the olectron in 
its now orbit, tho value 4300 x 10~ 6 mm. This light 
is also invisible, being about six times longer in wave 
than the most extreme rod light of tho spectrum. It 
is “ infra-red.” An intermediate value of the distance 
will givo visible light. The yellow light of sodium 
would require a distance of 2-66 x 10~ 8 cm. between 
the electron and the atom. 

Of course, the electrons in a solid metal have 
widely varying velocities, and hence thoy give a 
continuous spectrum when the average velocity is 
high enough — i.e. when the body is hot enough ; 
otherwise they radiate heat-waves of great length 
and small energy, in accordance with the law of 
exchanges. 

The above considerations show that wo must con- 
ceive a metal to bo composed of a mass of metallic 
atoms pretty closely packed, so that the electrons, in 
their constant vibration due to a finite temperature, 
are often and easily exchanged between them. Thoy 
therefore pass from one atom to another with com- 
paratively little frictional loss of energy. The metals 
are called “ good conductors of electricity " on account 
of this property. 

In other bodies, such as glass, ebonito, shellac, 
quartz, oil, indiarubbor, and porcelain, thore are only 
very few electrons sufficiently free to pass from ono 
atom to another. If they surround a metal, they 
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prevent the electrons escaping from it even under 
the influence of a considerable force. Hence they 
are called “ insulators.” 

That they do contain their due ratio of electrons 
to atoms is shown by the strain to which an olectric 
force subjects them, and by the influence they exort 
upon light which passes through thorn, 

A vacuum, offering, as it does, no resistance to 
the motion of an electron, is, in that sense, aporfeet 
conductor; but not in the accepted electrical sonse. 
To conduct electricity, a body must bo able to pro- 
vide carriors for its connection. These carriers are 
the electrons and positive atoms, with or without 
extra matter attached to them. Tho vacuum, con- 
taining no such carriers, is a perfect insulator. This 
conflict of characteristics warns us that our definition 
of a good conductor is not complete. To conduct 
electricity well, a body must contain free eloctric 
charges, and offer but a slight resistance to their 
motion in tho direction of the olectric force. Thoso 
freo electric charges aro either single electrons or 
portions of neutral matter associated with positive or 
negative charges. A good conductor is one which con- 
tains a large number of free electric charges (called 
“ions”), and offers but slight resistance to their 
motion. The “ conductivity ” of any material is de- 
fined, in accordance with the electron theory, as the 
number of ions in unit of volume multiplied by the 
steady speed acquired by them under the influence 
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of unit electro-motive force. In accordance with 
this definition, we must declare the ether to be a 
perfect insqlator. 

3. Distribution of Free Cha/rgea , — We have seen 
that a metal consists of a vast number of atoms 
(about one quadiillion per cubic centimetre), and 
about double that number of electrons. These are 
in rapid motion, and tho ether waves they emit in 
consequence of that motion constitute their radiant 
heat. Every body radiates heat, unless it is at the 
absolute zero of temperature ( — 273° C.), and it is 
enabled to do so by tho boat it receives in exchange 
from its surroundings. 

In an insulator, the electrons are incapablo of 
moving outside the range of tho atoms to which they 
are attached. An olectric force displaces them 
slightly; but when the force is withdrawn, they 
return more or less rapidly to their former position 
of equilibrium. 

In a conductor mattors aro different. The 
motion of both atoms and olcctrons is much more 
violent, and electrons aro constantly running free, 
colliding with atoms and with each other, whirling 
round atoms, locked up with them, liberated by 
collision with other electrons or atoms, and starting 
on tho same round over again. This difference 
between dielectrics and conductors is not as yet fully 
explained, but several circumstances shed light upon 
it. In the first place, conductors are usually heavier 



36 THE ELECTRON THEORY 

than dielectrics. Therefore the atoms are hoa\ lor or 
more closely packed, and the electron is claimed hy 
a greater number of neighbouring atoms. Secondly, 
conductors, mostly motals, have a low specific heat, 
which means that a comparatively small amount of 
heat suffices to give them the molecular volocity 
corresponding to a given temperature. Hence they 
radiate and absorb heat-waves readily, and the 
“ exchange" above referred to is moro lively in 
conductors than in dielectrics. 

We shall for the present confine our attention to 
conductors, and moro particularly to metals, or to 
copper as a particularly good conductor. 

In this metal it has boon roughly estimated that 
every electron combines with an atom, and is 
liberated again about a hundred million times per 
second. For every 5000 seconds which it spends 
locked in the embrace of an atom it roams freo for 
one second. It is these roaming electrons which 
produce all the phenomena of conductivity. Wo 
may suppose that they constitute ^V^th of the 
total number of electrons in the coppor; but this 
number is very uncertain, and must vary with the 
temperature and the quality of the metal. Tho roam- 
ing electrons do not constitute an electric charge, 
since they are balanced by an equal number of 
positively charged atoms contained in the conductor. 

What will happen if a mass of freo electricity, 
such as we have contemplated above, but containing 
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a smaller and more manageable number of electrons, 
is brought near a lump of metal containing neither 
an excess nt>r a deficiency of electrons ? 

Obviously, the free electrons in the lump of metal 
will be repelled, and will make their way as far as 
they can in the opposite direction. The charged 
atoms left behind will be attracted, and will crowd 
towards the mass of electricity. When equili- 
brium has been attained, the point of the conductor 
nearest the store of electrons will be found to be 
positively charged, and the point farthest away will 
be found negatively charged, with a more or less 
gradual transition at intermediate points, according 
to the shape of tho conductor. This is the well- 
known phenomenon of “chargo by influence," dis- 
covered 150 years ago by ^Epinus in St. Petersburg. 

To keep in touch with reality, it will be well to 
obtain some quantitative idea of this charge, and to 
do so we must deal with a larger quantity of elec- 
tricity than that of a single electron. The most 
natural procedure would bo to make our unit consist 
of a certain largo number of electrons, say a multiple 
of ten. But this is barred by tho uncertainty which 
still surrounds tho precise charge of tho electron. 
J. J. Thomson’s latest estimate is 3'4 x 10' 10 “ electro- 
static units,” and this is the value we have assumed 
throughout our calculations. But in practical 
measurements tho unit is defined as that quantity 
which, when placed in a vacuum at a distance of 
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1 cm. from an equal quantity of tbe samo sign, 
repels it with a force of 1 dyne ( = 1l j T gramme). 

Now since one electron or positive tftorn repels 
another at 1 cm. with a force of 1*16 x 10“ ,# dynes, 1 * * 
and the force varies with both masses, the repulsive 
force of 1 dyne would bo produced by 2*93 xlO 9 
electrons, or 2930 million. 

This quantity of 2930 million electrons (more 
or less) is what is called the “electrostatic unity 
of quantity,” being derived from measurements of 
electrostatic force. For the purposes of this work, in 
which the reader is to bo constantly reminded that 
electricity has an atomic structure, m v shall jtrrfcr to 
coll the 2930 million electrons (tho oquivalont of 
one “electrostatic unit” of negative electricity) u 
“ company " of electrons, and the samo number of 
charged atoms (or any other objects) a “company” 
of such atoms or objects. Tho number 2930 million 
is for the present assumed to bo correct, but it may 
have to be slightly modified in course of time. 

We may now rc-stato our laws of repulsion as 
follows : — 

(a) One company of electrons ropcls another 
company placed at 1 cm. from it with a force of 
1 dyne. 

(h) One company of neutral atoms deprived of one 

1 The dyne is the force which, acting for one second on a mass of 

one gramme, produces in it a speed of 1 cm. per second. It is the 

981st part of a gramme. 
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electron each repels another such company at 1 cm. 
with a force of 1 dyne. 

(c) One company of electrons attracts a company 
of neutral atoms deprived of one electron each with 
the force of 1 dyne. 

(d) These forces vary inversely as the square of 
the distance (the distance being large as compared 
with that between the individual electrons or 
atoms). 

4. Energy of Position : Potential . — When motion 
takes place in spite of a resistance, work is being 
done. When the motion is steady the force produc- 
ing it is equal to the force resisting it, and the work 
is moasured by the distance covered. If the resist- 
ance encountered botween two points is duo to con- 
tact with intervening matter, the amount of work 
done in passing from one point to another depends 
upon tho path. Thus, in driving from one town to 
another, tho work is less over a good road than a bad 
ono. If, however, one road is twice as good as 
another and also twice as long, the total work is the 
same. The badness of a road is measured by the 
resistance it offers to tho vehiclo, and tho work is 
measured by tho product of the distance and resist- 
ance, so that if the work along two routes is the 
same, the length of each route must be inversely as 
its “ badness ” (resistance). 

When tho resistance is due, not to intervening 
matter, but to the repulsion of a distant body, the 
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work done simply depends upon the distance from 
that body, and is quito independent of the path 
traversed. Ignorance of this fact has inspired most 
of the unsuccessful seekers after perpetual motion. 

If the repelling distant body is a point or very 
small sphere, and a series of concentric spheres are 
constructed round it, work has to be done on the 
repelled body to raako it pass from one sphere to the 
next ; but no work is required to move it along the 
surface of any given sphoro, since all points on that 
surface are at the same distance from the repellent 
body. In passing from one sphoro to the next inner 
one, a certain amount of work must bo done. When 
the repelled body returns to its first sphere, that 
work is given up again, and can be used to overcome 
some other resistance. A body thus capable of per- 
forming work owing to its position, is said to possess 
“potential energy,” in othor words, a potentiality 
of work. Clearly, the potential energy will bo the 
greater the noarer the body is to the repellent body. 
But how can the actual amount of the total potential 
energy bo measured ? The problem presents ono 
obvious difficulty — the repulsive forco extends into 
infinite space, so that the potential energy would 
appear to bo infinite; that is to say, the repelled 
body can bo made to do work to an infinite extent, 
for however great the distance to which it may have 
been repelled, there is still some remainder of 
repulsion ready to act upon it and make it work. 
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This argument, though plausible, is vitiated by 
the fact that the sum of an infinite number of 
infinitesimal quantities is not infinite, but limited. 
That this must be so may be illustrated by a few 
familiar examples. One of them is the old Greek 
dilemma about Achilles and the tortoise. A tortoise 
is a mile ahead of Achilles, who starts in pursuit. 
Achilles runs 100 times as fast as the tortoise, so 
that when he has run the mile, the tortoise is T ^j 
mile ahead. When Achilles runs that distance, the 
tortoise is mile ahead, and so on. So that 

Achilles will always get nearer the tortoise, but 
never quite up to it. The solution is that the sum 
of these quantities 

,1 l l 

1 + i ub + lo, ux) + i,i too, ooo’ &c ‘ 

is a finite number, as is evident when written as a 
decimal fraction 

1-0101010101 

a number which is certainly smaller than 1-0102, 
and is exactly equal to -V*r. The tortoise will 
therefore havo gone oxactly 5 V of a mile when 
Achilles overtakes it. 

Another examplo is this. If you stand on a 
bridge over two parallel lines of railway, the rails 
seem to meet on the horizon. If you stand over one 
line, the rails, if running straight along an infinite 
plane, will meet in a point on a level with your eyes. 
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If a train is travolling out along the other line of 
rails, it will approach the first line as the distance 
increases. It can never cross it, as tho .rails are all 
supposed to be parallel If the train, therefore, 
moves on for infinite time it will always be 
approaching that point on the horizon, but nevor 
reaching it. We see, then, that infinities and 
infinitesimals may often bo combined into finite 
quantities subject to ordinary arithmetic. This may 
encourage us to tackle the problem of the total 
potential energy of a repelled body. 

For this purpose wo will surround the repelling 
body K with a series of concentric spheres (Fig. .'5). 

Tho surfaces of theso 
spheres are called 
“ cquipotontial sur- 
faces/’ sinco tho re- 
pelled body has tho 
same potential energy 
while it remains in 
tho same surface. We 
will not draw these 
spheres at random, but 
make their successive 
diameters so that tho same amount of work is done 
in passing from any sphere to tho next. Sinco the 
force of repulsion varies inversely as tho square of 
the radius, tho distance between two successive 
spheres must vary directly as the square of their 
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mean radius. At twice the distance, therefore, the 
equipotential surfaces will be four times as far apart. 

Now place a small negatively electrified body, say, 
a “company” (1 E.S. unit) of electrons, at E and 
another at a point F. The problem is to find its 
total potential energy at P — i.e. the work that has 
been done on it to bring it up to P from an infinite 
distance, or the work that it is capable of doing in 
retiring to an infinite distance. 

To simplify matters, describe a special sphere 
passing through P, and others with radii twice, 
four times, eight times, &c., as largo, passing through 
Q, R, S, See. (Fig. 4). In passing from P to Q, the 
company cuts a cor- 
tain number of equi- 
potential surfaces, and 
this number measures 
the work done upon it. 

Let this work be de- 
noted by W. In pass- 
ing from Q to R, its 
experience will be pre- 
cisely similar, except Fjo 

that, the distanco be- 
tween successive surfaces being four times what 
it was boforo, tho rate of work will be one- 
fourth. Sinco, however, tho distance traversed 
is twice as great, tho actual work done between 
Q and R will be one-half that done between 
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P and Q. In the next compartment, the vork 

w w 

will be j instead of y, and the next again it will 

he?- 

Extending this to infinity, the total work done 
( = the total potential energy) is 


ltr W W W W 
" + i + t + 8 + J(i 


Now, as every one can easily try for himself, the 
sum of 

i + H-J + * + d> + A 

to infinity, is just = 2. 

Hence the total work is 2 W. This is the 
potential energy of the company when at 1\ The 
potential energy at Q will be 


At R it is 


At S it is 


2 W-W-W. 


W-''- JW. 




In other words, the potential energies at P, Q, R, S 
are as 


or 


2 : 1 : 4 :* 
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Since tho distances are as 

1 :2:4:8» 

we find that the potential energy at a point is 
inversely as the distance of the point from the centre 
of the repellent body. 

To obtain tho actual value of the energy in foot- 
pounds or other units of work, wo need only deter- 
mine the work done between P and Q and double 
the amount. If the force at P is 1 dyne, tho force at 
Q must be J dyne. If tho distance between P and 
Q is 1 cm., tho work must lie between 

1 cm. x 1 (lyno ami 1 cm. x \ dyne. 

Tlio work of overcoming or exerting a force of 
1 dyno through 1 cm. is called “ 1 erg " : hence the 
work between P and Q is somewhere between 1 erg 
and \ erg. By constructing a large number of equi- 
potontial surfaces between P and Q by the rule given 
above and counting them, wo find that tho actual 
work is just A erg. Heneo the total potential energy 
equal 2x1 org= 1 erg. 

Since E P = 1 cm., and the force at P is 1 dyne, E 
must bo, by definition, just one company of electrons. 

Hence we have obtained tho following important 
and fundamental result : The total work required to 
bring up one electrostatic unit (one “company”) 
from infinity to within 1 cm. of another similar and 
equal unit is 1 or g, and if the distance varies, the 
total work varies inversely as tho distance. 
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If wo increaso tho repellent body, the work varies 
as tho quantity of electricity, sinco tho olVeets of 
two “companies” would bo simply added up. Hut 
if we double both tho repelling and tho repelled body, 
the work is quadrupled. If wo keep tho repelled 
body always equal to ouo unit or company of 
electrons, we obtain a convenient measure for tho 
potential energy which the ropolling body is capable 
of imparting. Tho work performed upon one com- 
pany or unit in bringing it up from infinity to a 
point P against the repulsivo forco exorcised by E is 
called the potential function, or shortly tho potential 
at P due to E. Tho following theorems are imme- 
diately evident : — 

(a) All points in an equipotontial surface aro at 
the same potential. 

(h) A charge will always tend to movo from a 
point of higher to a point of lower potential. 

(r) Tho forco at any point is proportional to tho 
rate of change of potential along tho lino of forco — 
i.c. to tho crowding together of tho equipotontial 
surfaces. 

(d) All points on the surface of a conductor are at 
the same potential. For if they were not, electricity 
would travel from tho higher to tho lower potentials 
until they were levelled up. 

We have supposed tho repellent body E to be a 
very small sphere. 13ut it may be a sphere of con- 
siderable sizo without disturbing our calculations, so 



TffK ELECTIIOX AT UEST 


47 


lon^ as tli« electrons or positive atoms arc uniformly 
distribute!: over the surface. For then they act 
out waniiy ns if the v n. re nil nutevuirnU*! mi the 
ceUiP’. U u c.tti, thti't f rr, mt lh*x 

vc r v stiff* v »*/ the />* / « w A €&& 

Illlllfl fT • *J ti/ailA »T <* v »’ i 

in centimetre. That Wj* 4 ** ** ifal 

total work reqmn «\ t«» bum the lit. 

us I'liiltl it up unit \«>- unit, lolitnj tatfet* V»ft 
companies within H cenumcltet <»t wk ttlW t*» 

quirwl ^ dynes. The next unit took double th e 

work, or g dynes, the last unit required 1 dynes. 

Wo got at the sum of these terms by taking the 
average of tho charges during formation. This 
averago is 

(E-i)+j_k 
2" ~r 

The averago potential during formation was, there- 

foro ’ aft’ aml sinco llie total number of units to be 

brought to that potential was E, the total energy 
consumed in tho process was 


Or, if V is tho final potential ®, the total cneigy 
consumed is £ E V. 
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To roturu to our grammo of pure electricity 
(p. 24), which we found to produco such alarm- 
ing results even at the distance pf the sun, 
we can now calculate the energy roquirod to 
make it. 

The grammo, as we have seen, consists of half 
a trillion (5-6xlO i: ) companies. This is E. Wo 
will suppose tlieso concentrated on a sphere 1 cm. in 
radius, so that 11 = 1. Then the energy required to 
build it up is 




E J .(.VOX 10”)* 

ergs = A j -IGx to 31 ergs, 


or a billion horse-power working for 080,000 years. 
The same energy would, of course, be required to 
build up the same numbor of charged atoms; but if 
only 1 gramme of charged atoms is to bo built up, 
the number of companies will be less in proportion 
to the weight of the atom. Now the atoms are from 
1000 to 200,000 times heavier than an electron, and 
the number of companies per grammo 1000 to 
200,000 times less. Hence the energy required to 
build up a grammo of matter consisting exclusively 
of positively charged atoms ranges from 16 x 10 28 
ergs to 4 x 10 21 ergs, 6till an enormous amount. 

Since the potential due to a small charged body at 
a point outside it is simply measured by its charge 
divided by the distance of tho point from its oontre, 
the potential energy, or simply potential of any other 
charged body placed at that point, will bo the product 
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of its charge by the potential at that point. If the 
charge on the first body is E lf and on the second 
body E s , and their distance R, the potential is 

This potential is mutwd, as it only depends 

upon their relative position, and it does not matter 
whether E t has been brought up to E g or vice versd. 

If there are several bodies conferring a potential, 
the total potential is got by simply adding up the 
soparate potentials, remembering, however, that if 
the force is attractive instead of repulsive, the 
potential is negative. The charges will have opposite 

signs, say E t and — E 2 , and tho result — 

is a ncgativo potential — i.r. work is gained instead 
of spent in bringing tho charges together. 

It follows that if the two charges E t and — E 2 
arc equal, the total potential at any point equidistant 

from them is aero, being in one caso and in tho 

other — Now all the points equidistant from 

two other points are contained in a plane surface 
normal to tho line joining them, and bisecting that 
line (Fig. 5), it will be noticed that we have here a 
well-known caso of optics. If E 1 is a luminous 
point and AB a reflecting surface, E 2 will be the 
“image’’ of E P We might have any other such 
points on the side of E t , and if we had equal and 
opposite charges at tho same distance on the other 

n 
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side, the surface AB would still be an equipotential 
surface at zero potential. Convorsoly, if tho charges 
on the other side were takon away, and tho surface 
were kept at zero potential throughout (as a motal 
plato could be kept at zero potential by connecting 
it to earth), opposite charges 
would havo to bo distributed over 
the surface, so as to mako up for 
the charges taken away, and keep 
tho force at overy point above the 
surface the same as before. This 
consideration enables ono to 
calculate the distribution of the 
electric charge by “intluonce.” 
The method is a very fruitful 
and valuable one. It is called 
the “ method of electric imagos.” 

Since the surface AB is an equipotential surface, 
no work is required to move a body along it. If 
the distance between and E 2 is 2 R, tho distance 
of the plane from E t is R. Now the work requirod 
to bring a company of electrons from infinity to 

F 

within R cm. of the charge Ej was while E t was 

alone in space. This amount has become zero at one 
point, owing to tho presence of E 2 . This shows that 
the potential due to ono charge may be counter- 
balanced and annulled by tho potential due to 
another. Hence, though the potential due to each 


A 



8 

Fio. 6. 
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body by itself remains precisely the same always, the 
net potential at any given point depends upon every 
free charge in the whole of space, and can therefore 
acquire any value we please. If the point in question 
happens to be on the surface of a charged conducting 
sphere, it follows that the “ potential of that sphere ” 
is equally subject to the influence of surrounding 
charges, being lowered by any free charge of the 
opposite sign. In order to restore its potential to 
the former high figure we must increase the charge 
on it. If tho potential has been halved, we must 
double tho charge, in order to restore the potential. 
If the potential is very low, the conductor can carry 
a groat chargo ; it has, so to speak, a great carrying 
capacity. This conception of capacity is a very 
important one, so we must dofino it moro precisely : 
“ The capacity of a conductor is the charge required 
to raise it to unit potential.” 

A sphere of radius 1 cm. has unit potential (1 dyne 
per unit charge repelled) when it contains unit 
charge (1 ‘'company"). If its radius is 2 cm. its 
potential Is £, and to bring it to the same potential 
its charge must bo mado 2 companies; if 3 cm., 
3 companies, and so on. Hence wo have the general 
rule : The capacity of a sphere is proportional to its 
radius. 

If the charged sphere has an olnstic surface, the 
mutual repulsion of the charges will tend to bring 
about an extension of the surface. This may be 
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proved by blowing a soap-bubble, and then charg- 
ing it. The bubble expands, and its capacity 
increases. 

When two oppositely charged conductors approach 
each other, the potential of each is loworod and tho 
capacity increased. Hero again the spontaneous 
motion leads to an increase of capacity. 

When two similarly charged bodies repel each 
other and movo apart, their potential is lowered, 
and, again, their capacity increased. 

This is a general rule: If charged conductors 
arc free to move,, they always move so as to make 
their potential a minimum, and their capacity a 
maximum. 

The motion thus engendered leads, of course, to 
a diminution of potential energy. By tho law of 
the conservation of cnorgy, thoro can be no loss 
of total energy, so what is lost in potential energy 
is gained in energy of motion or kinetic energy. We 
shall have to consider this kinetic energy later on 
when dealing with the electron in motion. 

5. Condensers. — We have learnt that when a 
positively charged conductor is brought near a 
negatively charged one, the capacity of « each con- 
ductor is increased. 

To simplify matters, consider an infinite piano 
conducting surfaco, AB (Fig. 6), and a point, P, 
outside it. Let tho electrons bo uniformly dis- 
tributed over the surface out into infinite space, 
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and let P contain one company of electrons; then 
we can prove that the repulsion between the plane 
and P is independent of the distance of P from the 
plane, as follows : — 

Draw PD, PE, two lines equally inclined to the 
plane. Draw similar lines all round P, so as to 
mako a cono with P for 
its apex. Tho base of the 
cone will be a circle in tho 
plane surface AB, and all 
the electrons in that circle 
will repel P. Let their 
total repulsion bo 1000 
dynes. Now remove P to 
twice the distance, keeping 
the angles between the 
lines and the plane the 
same as before. The lines 
forming the sides of the 
cone will bo double their 
previous length, and tho 
base four times its previous area. There will there- 
fore be four times the number of electrons to exert 
their repulsive force; but since their distance is 
twice what it was, wo must divide tho force by 4 
(the square of the distance), and the net force will 
be the same as before. The argument will hold good 
whatever the size of tho angle at the apex, and hence 
we may make it so large, and the cone so fiat, that 
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the repulsion of the electrons outside the cono is 
practically imperceptible. 1 

Having thus seen that the repulsion is the saino 
at any distance, let us calculate its amount. Lot 
the point P be 100 cm. from the piano, and let 
the plane contain 1000 companies on every sq. cm. 
Then the repulsion between the nearest square urn., 
ab, of the plane will be (p. 38) — 


lxlooo_ „ 
" 100 * "’ ,0 


dyne. 


Now describe round P a sphere which just touches 
the plane. Take another square cm. in the surface, 
say, cd. Then, if there wore 1000 
companies on cd they would repel 
P with tho samo force as beforo 
— viz. 01 dyno. But this force 
would not be so effective as before, 
since it is inclined to tho vertical. 
Now produce Pc and Yd to Pc 1 and 
PcZ 1 , and let Pc 1 be = 2 Pc. Then if 
the imaginary surface c l d l had the 
samo surface density as cd its force 
on P would bo tho same, since its 
charge would bo four times and its 
distance doubled. In producing P d x to Pe 1 , and 
completing the intersections with tho piano, we mark 



Fig. 7. 


1 We must add that for the above reasoning to hold good the 
density of the electrons on the surface must be very great; other- 
wise the redistribution of the electrons, owing to the repulsion of 



THE ELECTRON AT REST 


55 


out a new surface, c l e l , whose size is the greater the 
more Pc 1 slants to tho surface. This slant compen- 
sates the slant of the push of the repelling electrons 
on cV, and wo find that their forco is 0*1 dyne also, 
as before. The same argument would hold good for 
any square cm. we choose to cut out of the hemi- 
sphere turned towards the plane. Hence the total 
push is as many times 0‘1 dyne as there are square 
centimetres on the surface of the hemisphere, viz. — 

2jr« (radius)-, 

or, since tho radius is 100 cm., the total force is 

2ir x 0'1 x 100s dynes 
= 2- x 1000 dynes, 

or 2 v times (0*2832 times) the number of companies 
on each square cm. of the plane. 

Tho companies or units per square cm. are called 
the “ surface density of electricity,” and are denoted 
by a. lienee wo have — 

Force on 1 unit = 2:r<r 

at any distance from an infinite charged plane on 
either side. 

In passing through tho plane only the direction 
of the force changes, and not its amount. 

P, would produce the same effect as a charge of a company of 
positive atoms placed at the “image” of P in the plane. This 
image would attract 1\ and so lessen the repulsion. If, however, 
the surface density is great, this attraction may be left out of 
account, as it has no perceptible intluence. 
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Now let there be two infinite parallol conducting 
planes at a distance, D, from each other (Fig. 8) t 
and let them have equal surface densities of opposite 
sign, so that if AB contains, say, 1000 companies of 
electrons per square contimotre, A’B 1 contains 1000 
companies of positively charged atoms per 
squaro centimetre. 

Then wo can prove that there is no 
electric force in the field except, in the 
space between the two planes. At a point 
1", for instanco. tho force duo to AB is 
'lira, and the force due to A’B 1 is —27 r<r, 
and the sum of the two forces is zoro. In 
other words, the positivo charge on A’B’ 
“neutralises" the negative charge on AB 
for all infinite spaco outsido the two 
® surfaces. 

Fio. 8. What is tho difference of potential be- 
tween AB and A’B 1 ? In other words, what work 
will have to bo spent on a company of electrons to 
bring it from A’B 1 to AB ? 

It will obviously be tho product of tho forco into D. 

Now tho forco on a company of electrons is a 
repulsion by AB amounting to 27r<r, and an attrac- 
tion by A l B’ to the same amount. These two forces 
being in the same direction, they add up, and the 
total force at any point between the planes is 47r<r. 
Hence the work on one company is 47r<rD, and that 
is the difference of potential between AB and AB 1 . 


A A« 
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A system like the above, consisting of two con- 
ductors separated by a non-conductor, is called a 
“condenser.” The most familiar example of a 
condenser is the Leyden jar (Fig. 9), in which 
the conductors are made of tinfoil stuck on 
the outside and inside of a glass jar, and the 
non-conductor is the glass. 

The capacity of a condenser is measured 
by tho charge which must be imparted to 

either conductor to make tho difference of 

... , -i Fig. 9 - 

potential between them one unit, so that one 

erg of work must bo spent to tako a company of 

electrons from one conductor to another. Since the 

difference of potential between the two planes is 

4tT(7D 

and this is = 1, wc have 

l 

^-D 

for tho capacity per unit area of the condenser 
consisting of two infinilo planes. This increases 
inversely as D, so that if wo make D small enough, 
and the plates close together, wo can get a condenser 
of any capacity wo please. 

The advantage of condonsers of large capacity is 
that we can store up great charges in them with 
little work, and with littlo tendency to wasteful 
discharge, as there is no force outside the coatings. 
Hence the name “ condenser.” 
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If, however, the plates are connected by a wire 
or other conductor, the mutual repulsion of tho 
electrons towards each other and the positive atoms 
towards each other will force both into the wire, 
where they will meet, and electrons will bo absorbed 
by the positive atoms to form neutral atoms. Their 
potential energy will bo liberated and pass first into 
the form of motion, and then into heat. If tho wire 
is interrupted by a short gap of air, this discharge 
will break through tho air and produce a spark — 
tho well-known spark from tho knob of a Leyden 
jar. 

Tho condenser consisting of two infinite planes 
is, of course, incapable of practical realisation, and 
is only introduced for theoretical purposes. It 
enables us, however, to pass to practical construc- 
tions without sacrificing our results of calculation. 
If the plates were, say, 1 metro square each, the 
capacity of the condenser would bo 

loo-' 

4 7T D 

approximately; but the distribution of tho charges 
over the plates would not bo uniform, as they would 
be crowded towards the edges. On tho other hand, 
the charges on the central portions would bo practi- 
cally uniform, and if we could separate out a single 
square centimetre at tho contro of each plate, we 
should approach very closely to the theoretical per- 
fection of our infinite planes, and could safely apply 
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our formula?. If we make a clean cut round the 
small area, but connect it by a fine wire with the 
larger area, so as to keep it at the same potential 
as the larger area, we may regard the two small 
areas as forming an ideal parallel-plate condenser 
amenable to calculation. 

Thus, if their areas are 1 sq. cm., and their 
charges 1000 companies, and they are 1 mm. apart, 
the capacity of the small condenser is 

i * =0795. 

4ttx01 12(5x01 


The cliargo being 1000 companies, the difference 
of potential is 


1000 

0-795 


= 1200 , 


so that it will require 1200 ergs of work to bring 
a company of electrons from the positive to the 
negative surface. 

The attraction between the two areas is 


1000x1000 , 

— (0-1) 3 ~ = 100 million dynes, 

or nearly 100 times the pressure of the atmosphere 
upon them. If tho distance were 1 cm., the attrac- 
tion would just about balance the atmospheric pres- 
sure, so that if there were a vacuum outside both 
pianos, tho atmosphoric pressure between them 
would not push them apart. 

If wo attached a spring to one of the small 
plates, and stretched the spring till it pulled the 
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small plate back into line with the larger plate, 
we should find that the force on the spring would 
have to be 102 kilogrammes, or 221 lb. If the 
charge on each plato were double, the force would 
be quadrupled, and would becomo 884 lb. Con- 
versely, if wo know the force, we can calculate the 
number of companies on each surface. 

The rule is : “ Multiply tho distaneo botween the 
plates by the square root of tho force in dynes.” 
The result is tho number of companies ou each 
plate. If the force is measured in grammes, mul- 
tiply by 931 to convert it into dynea 

Tho number of eompanios per unit area is found 
by dividing tho number found by tho area of the 
plate (in tho above case, by *1). The above prin- 
ciple is the principle on which the most accurate 
measurements of electric quantity aro made. An 
instrument, called the Attractod-Disc Eloctroinetor, 
has been constructed by Lord Kelvin for the pur- 
pose. The inventor calls the larger surrounding 
surface the "guard-ring.” 

But a more widely used instrument is tho Quad- 
rant Electromotor, in which a charged fiat needle 
moves in four quadrants of a circlo, two of which 
are kept at the potential to be measured. The 
calculation of the working of this instrument is 
more complicated. 

If two parallel planes are bent up into two con- 
centric spheres, it is evident that there will be 
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nothing to disturb the even distribution of their 
charges, and their capacity per unit area will be 

—jj as before. Hence, if their average radius is r, 

and D is small, the surface of both spheres will be 
very nearly 4irr 2 , and their total capacity will be 

r* 

4ffD*“D’ 

so that, in order to store a large amount of electricity, 
we must make both spheres large, and their radii 
nearly equal. If a is tho surface density, the force 
between the surfaces will bo 47 t<t por unit area, as 
in tho caso of the infinite planes. Now this force 
is equal to t/uit due to the inner sphere alone. For 
the total chargo on the inner sphere is a x surface = 
a x \irr-. This acts outwardly as if concentrated at 
the centre, so its forco at a distance r is 

■lTrcrr 2 , 

~“^3~*= 3 47r (T, 

Hence the chargo on tho outer sphere exerts no 
force inside it. Tho electrons on each element of 
its surface exort thoir forces just as usual, in accord- 
ance with tho inverse-square law; but for every 
group on ono side there is another group, more 
distant but correspondingly larger, on the opposite 
side of tho same surface, which counterbalances 
its force. By an argument similar to that used 
in the case of an infinite piano, we can extend this 
rule to chargod conductors of any shapo, and for- 
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mulato tho goneral rulo: “Tho distribution of 
charges on a closed conducting surface is always 
such that tho Hold of forco resulting from its own 
charges, or from forces outside it, is zoro at any 
point within the enclosure.” 

A conducting enclosure, oven a closo-meshod wire 
cage, acts, therefore, as a perfect scroon against 
external electric forces. Such a cage is often used 
to protect delicate measuring instruments against 
disturbance from outside. The enclosure can bo 
charged so highly that sparks and brush discharges 
burst forth at every corner; but the most delicate 
indicator will fail to discover the slightest ofloet 
insido. Any charge that is to exert 
an effect must bo brought inside tho 
enclosure. 

0. Specific. Inductive Capacity . — 
Let us return to tho two infinite 
planes, and study tho effect of intro- 
ducing between them a conducting 
plate, US, filling up half tho spaco 
betwoon thorn (Fig. 10;. In a con- 
ducting substanco there are always a 
largo number of electrons and posi- 
tive atoms roady to obey electrio 
forces. The electrons will crowd to- 
wards S, and the positive atoms towards It, until 
the electric force insido tho plato has bocomo zoro. 
To bring this about, tho surface density on R must 


A 


B 


v/y. 

YA 




A' B 

Flo. 10. 
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be equal and opposite to that on AA 1 , and the 
surface density on S equal and opposite to that 
on BB 1 . This gives us, then, practically two con- 
densers, connected in what is called the “cascade” 
arrangement, the potentials falling like the levels 
in two successive waterfalls. 

What difference will this make in the work re- 
quired to take a company of electrons from BB’ to 
AA 1 ? The forco from S to R is zero. The force 
from BB 1 to S and from R to AA 1 is the same as 
bofore, being due to tho same surface density, and, 
as wo have soon, independent of the distance. But 
tho distance over which tho company will struggle 
against this force has been halved by interposing 

tho conductor of thickness Hence tho work is 

halved, and, therefore, also tho difference of potential, 
and tho capacity doubled. Tho same effect would 

bo produced by simply reducing the distance D to ~ 

without introducing tho plate. 

Wo see, therefore, that a conductor introduced 
botwoon two coatings of a condenser increases its 
capacity. If, instead of a plate, a multitude of 
small conductors woro introduced, their effect would 
depend upon their density and size, but it would 
havo the effect of increasing the capacity of the 
condonsor. 

The quality whereby a substanco introduced be- 
tween tho ooatings of a condenser increases its 
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capacity is called the inductive capacity of tho 
substance, and its npeeiric induct ire cu fulfil if is 
measured by tho ratio by which the capacity of 
the condenser is increased on substitutin'' tho 
substance for air between tho coatings. 

The specific inductivo capacity of a medium, 
discovered and named by Faraday, is now usually 
called its dielectric constant. 

Here are a fow valuos : Glass, 3 to 7 ; obonite, 
2 to mica, 7 to 10; potroloum, 2; alcohol, 25; 
ice, 78; metals; infinite. Condensers aro now 
usually made of mica, on account of its high 
dielectric constant. 

Tho specific inductivo capacity of a medium is duo 
to tho number of electrons it contains, and to tho 
extent to which those electrons aro displaced out 
of their normal positions under tho influence of an 
external electric force. In many media, notably 
guttapercha, this displacement takes some time 
to disapjicar after discharge, while in mica thcro is 
very little of this remanent electrification. 

The electron theory is as yet unable to state what 
is the configuration or mobility of electrons which 
produce tho various inductive capacities of media. 
It is known, however, from Maxwell’s electromagnetic 
theory of light, that the dielectric constant is pro- 
portional to tho square of the timo required by long 
waves pf electric force to traverso tho medium. 

If two charges are separated, not by a vacuum, nor 
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by air (v, hoso dielectric constant is very little higher 
than that of a vacuum), but by a medium of dielectric 

£ £ 

constant, K, the force between them will be, not 

but This should bo remembered when the 

charged bodies are immersed in a medium other 
than air. In the same way, the potential of a 

charged sphere of radius, R, becomes K g, and its 

energy is reduced K times. 

7 . Electrostatic Machines . — An electrostatic ma- 
chine is a machine used for the mechanical separa- 
tion of electrons from positive atoms. The earliest 
machine of tlio kind consisted of a piece of amber 
and a woollen cloth wherewith to rub it. This 
was improved upon by Otto von Guericke in 1603, 
who mado a machine of a sphere of sulphur, 
which was rotated on its axis while the hand rubbed 
against it. Tho sulphur withdrew electrons from 
tho hand, and thus became negatively electrified. 

This process is termed “ electrification by friction," 
and was, for centuries, tho only known way of pro- 
ducing an eloctric charge. A glass rod rubbed with 
silk is the most usual frictional apparatus for ex- 
periments on n small scale. In this case, the silk 
withdraws electrons from the glass, leaving the latter 
“ positively " charged. 

The process whereby bodies become electrified by 
friction is still very obscure. It is known that it 

E 
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dope in Is largely upon the condition of tli • ■ stirfaco, 
and the ehemieal nature and structure of l lie bodies. 

Of commonly known bodies, a catskin gives up 
electrons most easily, and sulphur absorbs them most 
easily, so that a maehino made of those two sub- 
stances is very effective. 

We may suppose that there are at the surface of 
overy uncharged hotly a number of electrons ready 
to part company with the positivo atoms to which 
thoy are attached. A catskin would be particularly 
rich in those loose electrons, and sulphur particularly 
poor. The effect of rubbing tho two togothor is to 
give the loose electrons an opportunity to pass from 
the skin to the sulphur, where they aro moro strongly 
hold. Once we have a charged body, it is easy to 
obtain other charged bodies by influence. Wo have 
seen above <p. .‘57) that if a conductor is brought 
near a negatively charged body — say, a block of 
rubbed sulphur — the free electrons aro pushod to tho 
end farthest from tho sulphur and the positivo atoms 
are attracted towards it. If we break the conductor 
in two, and take away tho sulphur, we obtain 
a negatively charged conductor and a positively 
charged conductor. Or, instead of breaking tho 
conductor in two, we may make it up of two con- 
ductors in metallic contact, and separate them whilo 
still in the vicinity of tho sulphur. Or wo may let 
the repelled electrons pass into tho earth, and then 
break tho connection and obtain a positively charged 
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conductor only, and this process may be repeated 
indcfiniicly, so that wo can manufacture any number 
of ])ositivo atoms from a singlo charge of electrons, 
though not without setting free an equal number 
of electrons. 

The earliest electrostatic machines separated 
electrons and positive atoms by friction, and then 
used their mutual attraction for storing them in 
condensers. This storage is closely akin to the 
storage of wator in vessels, cisterns, and reservoirs, 
whero it is held by the attraction of the earth. 
Only the substances used are adapted to very 
different requirements. For water, air is pervious 
and metal impervious. Hence the water is sur- 
rounded by metal or othor solids on the side nearest 
the oarth. For electricity, on the other hand, air is 
impervious and inotal pervious. Hence the charged 
metal must bo “ insulated ” by means of some non- 
conductor. 

The more modern machines work by influence, and 
are more etlicient, but their efficiency is still far from 
perfect. Tho ideal electrostatic macliino is one in 
which electrons can be separated from positive atoms 
with an expenditure of work which can lie entirely 
recovered on allowing tho two electricities to re- 
combine. 

A limit is set to tho amount of electricity separated 
and stored in condensers by tho •' diolcctric strength ” 
of the modiurn. When the air or other dielectric 
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between the coatings of a condenser is subject to a 
certain limiting stress, an electron breaks out from 
the negative coating and rushes across towards the 
positive coating. In doing so it collides with a 
number of neutral atoms, and breaks them up into 
“ ions ” of opposito signs, Theae ions practically re- 
duce the distance between the coatings, and thoreby 
increase the stress. This, again, leads to a rush of 
further electrons and positive atoms towards each 
other, and we have a whirl and turmoil of movements, 
collisions, separations, and recombinations. We havo, 
in fact, an electric spark ; or if it takes place on a 
large scale in the atmosphere, we have lightning and 
thunder. 



CHAPTER IV 

THE ELECTRIC DISCHARGE 

1. Discharge in General . — Whenever an electron 
moves from one space into another, it may be said to 
produce a discharge from the first space into the 
second. But an “ electric discharge ” is usually under- 
stood to mean the process whereby a body loses the 
charge that marks it off, electrically speaking, from 
its surroundings. 

These “ surroundings," such as tables, walls, &c., 
aro usually connected with the earth by more or 
less good conductors, and bodies cease to exhibit an 
electric charge when they are at the same potential 
as the earth. 

Now what is the potential of the earth ? In other 

words, what is the work required to bring a company 

of electrons from infinity to the surface of the earth l 

Tho question is not easily answered, but the work 

may perhaps be roughly estimated at a million ergs. 

For tho chargo of tho earth is negative. It repels 

electrons, and attracts positivo atoms. It behaves in 

that respect liko an electron, and who knows but that 

if an electron were magnified to the size of tho earth 

it might show a marked resemblance to our own 

69 
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planet ? The resemblance is increased by tho fact 
that the sun lias a largo positivo charge, estimated 
by Arrhenius at L\ r > x 1 O 1 ' 1 “coulombs" ( = 7 ‘ft x 10 2 ° 
companies’), which gives it a potential of 10 ,l) units or 
;> billion “ volts." Tho sun thus resembles a positive 
atom with a number of negatively charged electrons 
in tho shape of planets revolving round it. But tho 
analogy fails when wo measure tho forces between 
the sun and planets. For tho oloctrio attraction is 
found to be quit e imperceptibly small in comparison 
with the gravitational attraction, and astronomers 
may safely leave it out of their calculations. 

Even if the negative potential of the earth is a 
million units (1500 million “volts”) as supposed, its 
action upon an electrified body near its surface will be 
excessively small. If this potential were solely duo to 
the earth’s own charge, that charge would be G x 10 u 
companies, and this may be supposed to bo con- 
centrated at tho centre — i.c. at a distanco below us of 
6 x 10- cm. Consequently the repulsion exerted upon 
one company of electrons at tho surface will bo 


Oxtoo 

(oxioy 


J x 10~ 2 dynos, 


or about ^th of the normal weight of a milligramme. 

This (quantity is beyond the limit of sensibility of 
our most delicate balances. 

There is, however, a constant streaming of eloe- 
tricity up and down through tho air, which is greatly 
influenced by the weather, and gives rise to the 
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phenomena of thunderstorms and atmospheric elec- 
tricity in general. Outside the atmosphere the earth 
behaves as a highly charged body, and discharges of 
its negative electricity become occasionally visible 
about tho poles in the shape of the Aurora. 1 The 
conductivity of the air, like that of any other body, 
depends solely upon tho density and mobility of the 
ions or charged bodies contained in it. These ions 
may bo singlo electrons or positive atoms, or they 
may bo these associated with more or less neutral 
matter. The presence of theso ions in the air con- 
stitutes tho “ ionisation ” of tho atmosphere. There 
can be no discharge without ionisation. 

This is a fact which has only recently come to 
light. It has been known for a long time that every 
charged body exposed to the air is gradually dis- 
charged. Hut that was attributed to moisture or 
particles of dust, or oven to the charging of air 
molecules. We know now that tho discharge takes 
placo when both moisturo and dust particles are 
rigidly excluded, but does not take place if ionisa- 
tion is prevented. If thcro is ionisation, the amount 
of such ionisation determines the rato at which the 
body is discharged. 

Now ions may be contained in solids, liquids, or 
gases, and discharge may therefore take place through 
any of thoso, or even through a vacuum, llut in tho 
case of a vacuum, the ions have to be provided by 

1 See P. Villa rd, CompUt Ret ulus, July 9, 1906. 
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the discharging body itsoK, sinco the vacuum is 
otherwise a perfect insulator. In other cases, too, 
the discharge has to furnish tho ions as it goes 
along. This is notably the case in the electric arc 
lamp and the spark discharge, whore the air is too 
poor in ions to convoy tho wbolo discharge. But 
beforo such a discharge can bo inaugurated, it is 
necessary, as a rule, that a few ions should exist in 
tho medium through which the discharge is to take 
place. If no such ions exist, tho medium is a perfect 
insulator. A discharge can only be mado to pass 
through by means of a groat force sufficient to pro- 
ject ions from the charged bodies, and mechanically 
break down the insulator. 

All these various forms of discharge may bo classi- 
licd under live heads, accordingly ns they take place 
through insulators, gases, solid conductors, liquid 
conductors, or a vacuum. 

2. Discharge through Insulators. — Insulators are 
substances which contain no roaming electrons. Their 
electrons are firmly bound up with atoms, and tho 
lat'cr again are usually bound up together in complex 
molecules. Tho substances are therefore, as a rule, 
chemically inactive: they do not oxidise, and they 
do not dissolve in water. Paraffin, a typical and 
valuable insulator, is named from its lack of chemical 
action (parum affmilatis). And chemical affinity, 
in all probability, is a matter of detachable electrons 
and nothing else. 
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When the electrons of a substance are not detach- 
able from their atoms or molecular groups, they can- 
not easily bo made to enter a metal to neutralise the 
positive atoms which that metal may contain. And, 
on the other hand, the positive atoms being amply 
provided with electrons, are not prone to combine 
with electrons from outside. 

Many of the best insulators, like paraffin, beeswax, 
guttapercha, ebonite, and amber, are highly com- 
plicated carbon compounds. They have no great 
density ; their molecules are not closely packed, and 
their atoms are not heavy. The complex molecular 
aggregations aro well separated from each other, and 
the electrons are effectively imprisoned in them. 

If an insulator liko benzene, C # H # , is bounded on one 
side by a surface containing a large number of free 
electrons, and on the other side by a surface contain- 
ing a large number of freo positive atoms, the electrons 
in the benzene molecules will be wrenched to a greater 
or less extent out of their position and pulled to- 
wards the positive atoms; whereas the carbon and 
hydrogen atoms, and more especially the latter, will 
be pulled towards tho surface containing the excess 
of electrons. If there were any roaming electrons 
in tho insulator they would* find their way out, and 
would noutraliso the positive atoms wherever they 
encountered them, thus producing a discharge. But 
a good insulator being a substance which contains 
no such roaming electrons, no discharge will take 
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placo unloss the force is strong onough to pull the 
electrons out of the benzene molecules ami sot them 
a-roauiing. When thai happens, events will begin 
to march rapidly: electrons will fly towards tho 
positive terminal. They will bo as quickly replaced 
by others from the negative terminal surfaco. Theso 
double combinations will give riso 1o a considerable 
commotion, which will break up further molecules 
and impart a conductivity to the insulator by pro- 
viding it with free electrons and free positive ions. 
In the direct line joining the terminals a rapid 
separation and recombination of ions will occur, 
and will go on at an increasing rate as the conduc- 
tivity of the insulator increases. Tho heat produced 
willvolatili.se the liquid insulator, and through the 
ionised gas the discharge will pass liko an avalanche, 
the ions acquiring a velocity growing with the freo 
path along which they travol under the impulse of 
the electric force. Even when that forco is spent, 
tho ions will continue to fly on, liko a pendulum 
swinging up against gravity, and like it, they will 
return, producing a momentary current in tho oppo- 
site direction. This may bo followed by several 
minor oscillations, until at last tho energy is all 
radiated away into space, and equilibrium is re- 
established. 

Such is tho process which wo wit ness in tho elec- 
tric spark, or, on a larger scalo, in the lightning- 
flash. If the insulator is a solid, the path of the 
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discharge is marked by a perforation. Gloss, mica, 
ebonito, cardboard may be pierced in this manner. 

It takes semo 30,000 volts (100 electrostatic units 
of potential) to pierce a thickness of 1 mm. of the 
best insulators. This means that the work done 
in passing from tho negative to the positive termi- 
nal by one company of electrons is 100 ergs. This 
energy is sufficient to produce the necessary num- 
ber of ions to keep a further discharge going. 

If tho thickness of tho insulator is greater, the 
difference of potential required is also greater, but 
not in tho same proportion. If D is the thickness 
of dielectric, tho necessary ditVerence of potential 
increases as ^/I)- so long as tho distance does not 
exceed a few centimetres. It requires fiS.000 volts 
to pierco a plate of mica (a complex silicate of 
aluminium and other metals). This great insulat- 
ing power is due not only to the complexity of the 
molecules, but to their segregation in numerous 
successive strata. 

3. Discharge through Oases . — When a positively 
charged conductor is placed near a negatively 
charged conductor in air, the opposite charges crowd 
towards tho surface facing tho other conductor. The 
air producos no effect beyond slightly reducing the 
effective distance between tho conductors, which it 
doos by tho displacement of the charges constituting 
its neutral atoms, tho electrons straining towards the 
positive conductor, and the positive atoms straining 
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towards tho negative conductor. The superfluous 
electrons in tho metal arc so mm h entangled wit n 
the molecular aggregates of tho metal that oven 
their mutual ropulsion and the attraction of th< 
opposite charges in tho positive terminal fail to 
sond them out into the open air. And the same 
state of things obtains among tho superfluous posi- 
tive atoms in tho positive terminal, except that 
they aro held even more firmly than tho electrons. 
For actual expulsion, some strong agency is neces- 
sary. Radioactive substances like radium and uran- 
ium aro in such a state of unstable equilibrium that 
an atomic catastrophe overy now and then sends 
an electron or positivo atom flying out into space. 
But ordinary substances require either a high lom- 
peraturo or ultra-violet light, or tho impact of ions, 
to enable their own ions to escape. It is only under 
exceptional conditions that tho mero pressure of 
similar charges suffices to project some of thorn 
outside the conductor. 

When, however, the air is ionised, i.e. filled with 
particles each linked with an electron or positive 
atom, those ions beat against tho terminal opposed 
to them in sign, and shake or pull tho opposite 
charge out of tho metal. 

There are a number of ways of ionising air. It 
can be done by simply heating it or illuminating it 
with ultra-violet light, or transmitting Kontgen rays 
or Becquerel rays through it. Tho energy thus 



THE ELECTRIC DISCHARGE 


77 


supplied is converted into the potential energy of 
ionisation. But sinco the ions are constantly re- 
combining, the ionisation must be kept up artificially. 

When this is dono an electric discharge can take 
placo through air, just as through a metallic con- 
ductor — a silent and steady and invisible discharge. 
The only difference is that the fall of potential is 
not uniformly distributed, being more rapid near 
tho terminals, whero ions of the opposite sign con- 
gregate. Such a discharge is called a “dependent 
discharge,” depending as it does upon a constant 
supply of external energy for ionisation. 

When, on tho other hand, tho discharge furnishes 
its own ions as it goes along, wo have an “ indepen- 
dent discharge.” This is done in a variety of ways. 
Tho most familiar cxamplo is tho electric arc lamp, 
whero the carbon terminals give off vapour of car- 
bon, and furnish tho ultra-violet light necessary for 
its ionisation. 

Another familiar example, and tho oldest known, 
is tho electric spark, and its great natural counter- 
part, tho lightning-flash. Both these are almost 
invariably intermittent, lightning being a quick suc- 
cession of flashes in the same direction, often pre- 
ceded by a feeble pilot discharge which passes from 
ono stray ion to another, just as it finds them, and 
thus marks out a forkod path for the main discharge 
to traverse. 

Tho forms of discharge which allow the greatest 
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insight into the actual processes going on aro the 
point, brush, and glow discharges, chiefly in rarefied 
gases. 

A point discharge bctwcon a motallic point and 
a plate is tlio simplest form of gas-discharge known. 
Let a sharp point. P, bo placed opposite a circular 
plate, AH, in air (Fig. 11). Lot tho 
point be kept at a uegativo potential, 
and All at a positive potential. 
Then when the ditVerenco of poten- 
tial is sufficient, say u few hundred 
volts, a glowing steady spark is seen 
at the point. This spark really 
consists of two luminous strata 
separated by a narrow dark space. 
A few stray positive atoms aro re- 
quired to start the discharge. They aro attracted 
to the point, near which they lind an intense 
and concentrated electric force. Their motion 
towards the point is constantly acooloratcd, and 
when they got close up to it, it is sufficiently 
rapid to split up tho gaseous molecules into ions. 
This splitting up is facilitated by the proscnco of tho 
metal, which appoars to exert what chemists call a 
“ catalytic ” action. Tho region whore this splitting 
up takes place is tho luminous layer immediately 
adjoining tho point. The electrons liberated by the 
ionisation arc repelled by tho point, and fly out into 
tho gas. They also aro accelerated until thoy re- 




THE ELECTRIC DISCHARGE 


79 


quire sufficient energy to ionise the gas, and their 
field of action is marked by the second luminous 
stratum. Tho dark space between, called the “dark 
cathode spaco,” is tho region where both kinds of 
ions aro acquiring energy of motion, but not spend- 
ing it, and therefore not producing any luminous 
effects. * 

This double ionisation also goes on when the 
point is positively charged, and tho plate negatively. 
Only then tho dark space is still smaller. When 
the difference of potential is very great, tho electrons 
from tho negative point fly beyond tho region of 
ionisation and attack the gas further towards the 
plate, ionising it freely. This beautiful phenomenon 
is known as the brush discharge. Tesla’s tlamo 
discharges and tho discharges obtained by means 
of tho Wohnolt interrupter, are varieties of it. 

Tho form of discharge showing tho greatest 
variety of phenomena is the glow discharge, as 
socu in vacuum tubes. It is this form of discharge, 
indeed, which, after being a great source of per- 
ploxity, ultimately was instrumental in elucidating 
tho wholo realm of olectrie discharges. Tho reduc- 
tion of tho pressure of tho gas allows freer play to 
the ions. It gives thorn a greater “ free path ” along 
which thoy can follow tho acceleration of tho electric 
fiold, and .thoroby acquire kinetic energy. Ionisation 
is thus facilitated, and conductivity more rapidly 
acquired. 
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The slow discharge in a vacuum tul>o consists 
normally of fivo distinct parts — viz. tho cathode 
layer A, the dark cathode spaco B, tho negative 
glow C, the intermediate space D, and tho positive 
column E (Fig. 12). Tho three luminous layora 
(shown dark in tho diagram) are those in which 
ionisation is going on. They aro the scenes of 
conflict and collision, whereas tho other spaces aro 
tho scones of free fall along tho linos of cloctric 
force. At the cathode layer A, positive atoms aro 
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ionising tho gas next tho cathode with tho help of 
the metal. As in tho case of tho point discharge, 
tho ions thus formed follow tho olectric force, tho 
positivo atoms neutralising tho free electrons of tho 
cathode, and tho electrons traversing the dark 
cathode space to ionise the neutral atoms in the 
body of tho gas at C. There again, both positive 
atoms and electrons are liberated, and tho latter 
move still farther towards the anode, producing 
further ionisation when they have acquired sufficient 
velocity, and then wo get the positivo column E. 
Sometimes it happens that all tho electrons pro- 
ceeding from C havo nearly tho same volocity. 
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They thon reach ionising speed within nearly the 
same distance, and are stopped at the beginning 
of the positive column. Before they can acquire 
further ionising power, they must traverse another 
dark space, and so on alternately, the final result 
being the “ stratified ” positive column, which forms 
such a striking display whon the tube is long 
enough. If the tube is shortened, the positive 
column is gradually “ swallowed ” by the anode 
until the discharge resembles the ordinary point 
discharge. 

The above is a general outline of the main 
phenomena in gaseous discharges. But they ex- 
hibit an almost infinite variety, and still otter a 
fruitful field of investigation. When tho exhaustion 
of tho vacuum tube is carried to a very high point, 
the phenomena bocomo of profound interest to the 
electron theory. For the electrons projected from 
the cathode play a very prominent, and eventually 
an almost exclusive, part. They proceed in straight 
lines from tho cathode, like rays of light, and are 
therefore commonly called “cathode rays." It was 
Crookes who first pronounced them to bo a kind 
of matter (“radiant matter"), and wo now know 
that they consist of particles about 200,000 times 
smaller than tho ordinary atoms — viz. the electrons 
themselves. But the positive atoms also take the 
appoaranco of rays. When the cathode is per- 
forated, such rays are seen to omorgo from the 
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back of it. They have been called " canal rays," 
but they simply consist of positively charged atoms, 
or atoms or molecular aggregates doprivod of 
electrons. 

A noteworthy fact with regard to gas discharges 
is that the amount of electricity passing (the 
“ current ”) i.s not necessarily proportional to the 
difference of potential between the electrodes. It 
depends upon the ionisation, and that is influenced 
and enhanced by the passago of the discharge itself, 
owing to collision between the ions. In tho de- 
pendent discharge, again, where tho ionisation is 
provided by an external agent, tho current can 
never exceed a certain value, fixed by tho number 
of ions supplied. When these arc all engaged in 
convening tho current, a change in tho potential 
fails to change the current. There exists, in fact, 
a “saturation current.” This, as we shall seo, is 
not the caso in metals. 

Discharge through flames is a special form of 
gaseous discharge, and depends upon tho natural 
ionisation produced by a high temperature. Heat 
also exerts an action upon tho discharge from 
metals. It is found that a hot platinum wire is 
discharged more readily than a cold one. A nega- 
tively charged platinum wire is easiest discharged 
when surrounded by hydrogen ; that being a gas 
whose atoms lose their electrons easily. They 
surround the negative wiro and pull out its elec- 
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trons. Whon a hot platinum cylinder is charged 
positively and hydrogen is made to diffuse out from 
it, the hydrogen atoms, with their positive charges, 
rapidly free the cylinder from its positive charge 
by conveying it into the surrounding space. 

4. Discharge through Solid Conductors . — In gases 
at ordinary pressure, or in a partial vacuum, wo have 
to do with moleculos possessing a certain free path, 
which, though vory small (about unnnnr cm.), yet 
gives them some little interval of undisturbed 
motion. 

In metals, on the other hand, the atoms are packed 
closo together. How closely may be found by a 
simple calculation as follows. The mass of a copper 
atom is 70 x 10 24 grammes. A cubic centimetre of 
copper weighs 8‘9 grammes. That cubic centimetre 
therefore contains 0*127 x 10 24 atoms of copper, and 
each atom will havo a volume of 7'9 x 10 -44 cc. to 
tsclf. If this volume is a small cubo, its side will 
be 2 x 10 -8 cm. This length is just the diameter of 
a molecule of hydrogen, so that if we fill up the 
small cubos with molecules of hydrogen, thoy will 
just fit tight. How, then, will the copper atoms fit ? 
We do not know the exact sizo of the atoms of 
copper, but can make a vory close guess. We may 
take it that tho diameter of a molecule of copper is 
not moro than twice tho diameter of a moleculo of 
hydrogen, since wo know that tho mercury molecule 
is not more than 1*7 times as thick. Therefore the 
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copper atom is just about the size of the hydrogon 
molecule, and fits equally tight in tho small cube. 

The coppor atoms are therefore about as closely 
packed as they will go. Honco copper cannot bo 
percoptibly compressed. Hut it also explains why 
tho loose electrons attached to tho coppoi atoms aro 
practically free to obey outside electric forcos. For 
they easily get into tho neutral zouo l>otweon neigh- 
bouring positive atoms, and are then under tho 
influence of tho outside force only. This happens, 
according to J. J. Thomson, about 40 million times 
per second to each electron. (In bismuth, at all 
events.) As a consequence, tho whole of tho loose 
electrons in a metal (I mean those electrons which 
can enter or leave tho atom without producing a 
charge sufficient to stop tho procoss) aro every now 
and then set free to oboy external electric forcos. 
Their mot ion under the influence of those forces con- 
stitutes metallic conduction. From this simple fact 
the most important laws of metallic conduction may 
be immediately deduced. 

Schuster 1 has estimated that a metal contains 
from one to threo mobile electrons for each atom. 
Copper contains about three mobile electrons for 
every two atoms. We must therefore imagine these 
electrons darting in and out among tho atoms, and 
ready to obey the pull of an electric force whenever 
they happen to bo free, which happens millions of 

1 A. Schuster, Phil. Magazine, Feb. 1904. 
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times per second. The path of freedom increases as 
the metal cools and the atoms arrange themselves 
in larger aggregations. Hence the electrons in cold 
metals follow the electric force more readily than in 
hot metals. 

Now it may be asked whether the atoms themselves 
do not also obey electric forces. The answer is that 
they do so when they are linked to either more or 
less electrons than they contain in the neutral state. 
If linked to more electrons, they have a negative 
charge ; if to less, they have a positivo charge. In 
the former caso they tend to go the same way as the 
electrons, while in the latter case they tend to move 
in the opposite direction. But, being about a hundred 
thousand times more bulky than tho electrons, they 
make little headway, and, except in extreme cases, 
their motion may be neglected, and wo may take it 
that the electrons alone obey the pull of the electric 
force — i.e. that it is they alone who form tho “ electric 
current ” in metals. But it is evident that they move 
from tho negative to the positivo sido, and, therefore, 
in the direction opposito to that in which an " electric 
current” has hitliorto been supposed to flow. This 
fact constitutes a serious difficulty in the present 
state of transition of electrical terms. Wo cannot 
hope that peoplo will at once revise all their elec- 
trical terms, and reverse all their previous notions. 
The textbooks alone would prevent that. It is, there- 
fore, imperative that we should use a term which 
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cannot possibly mislead any one. For this purposo 
I propose to use the term ‘electron current” for the 
movement of electrons. Whonovor I speak of “ the 
current” pure and simple, I shall mean the move- 
ment of electric charges without reference to their 
direction. Whon the direction from positive to nega- 
tive is to be understood, I shall speak of the “ positive 
current.” 

When the curront is not conveyed by isolated 
electrons, but by “ions" — i.e. larger aggregates of 
atoms containing a positive or negative charge— 
there are two real displacements in opposito direc- 
tions, as in electrolysis. It will then bo expedient 
to talk of a *• positive current,” denoting the flow of 
positively charged matter, and a “ negative current,” 
to denote the flow of negatively charged mattor. 
The total current is tlio sum of the two. 

Having settled these important mattors of termin- 
ology, wo may now proceed to unravel the mysteries 
of the electron current in inctals. 

To simplify matters, wo will tako, as before, two 
infinite parallel plates, AC, BD, 1 cm. apart, and 
having a difference of potential such that it takes 
1 “ erg ” of work ( = rsmbx nnr foot-pound) to move 
one company or electrostatic unit of electrons from 
the positivo to the negative plato. This is tho elec- 
trostatic unit of difference of potential. It can be ob- 
tained practically by connecting the two plates with 
the terminals of a battery of some 300 Daniell cells. 
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Now ha cube of 1 cm. side, consisting of copper, 
be inserted between the plates, and touch both of 
them. What will happen ? 

Obviously, the two quadrillion mobile electrons 
contained in the cubic centimetre of copper will 
be set in motion towards the positive plate. 

If they could fall freely along the lines of 
force, they would arrive at the positive plate 
with a velocity of 10» cm. per second, since 
the comparatively large force of 1 dyne acts 


A 8 


C D 

Fig. 13 . 


through 1 cm. on tho insignificant mass 
of each company of electrons (TTSxlO -18 
grammes). Each company which falls 
through the whole centimetre acquires 1 
erg of energy; but as, on tho average, the 
electrons only fall through half that distance, 
we get tho energy acquired by tho total electrons 
in the copper in falling on to the positive plate 
by multiplying the number of companies by half 
an erg. This number of companies is G - 5 x lu 14 , so 
that the energy acquired by them in falling on to 
tho positive plato is 325 billion ergs — a quantity 
sufficient to evaporate several hundred pounds 
of water. Since this process would only take 
1*9 xlO -9 of a second, and a further supply of elec- 
trons from the negative plate would be ready to 
repoat it, it may be realised what an onormous 
evolution of energy would be going on between the 
plates if the free path of each electron were 1 cm.. 
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in other words, if the conductivity of the coppor were 
practically infinite. 

But, as a matter of fact, that is not the case. 
There arc two faotors which hindor a froo discharge. 
In the first place, the electrons aro ovory now and 
then encountering tho closely packed neutral copper 
atoms, and colliding with them. When an electron 
is suddenly stopped liko that, it cannot rebound with- 
out loss of energy, as a perfectly elastic or a per- 
fectly hard ball would from another. As we shall sco 
later on. tho acceleration or retardation of electrons 
is attended by radiation, and radiat ion means loss of 
energy. A well-known example of such radiation 
are the ROntgen rays, which arc wave -pulses sent 
out into the ether when a cathode particle, nliun an 
electron, strikes an obstacle. 

Considering how closely tho atoms are packed, wo 
may take it that an electron losos Hourly the whole 
of its energy by radiation whenever it collides with 
a neutral atom. If it has any to spare, it will revolve 
round the atom and radiate out its sparo onergy in 
doing so. 

Another factor which hinders tho freo discharge 
of electrons is this binding togethor of a positive 
atom and an electron until a collision sets it free. 
It has been estimated that for overy HOOO electrons 
thus temporarily bound, there is only one electron 
free to roam at any given instant of timo. We can- 
not therefore count upon more than ufooth of the 
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total number of mobile electrons to take part in 
metallic conduction at any given instant 
We have estimated the total mobile electrons in 
the cubic centimetre of copper at 1'9 quadrillion. 
Of these, 880 trillion will therefore be available for 
conduction at any given time. Since successive 
copper atoms will be on the average 2xl0~ 9 cm. 
apart, we may suppose that each electron is stopped 
every time it has gone that distance. What time 
will it require to cover tho one centimetre distance 
between the plates ? 

It can bo easily shown that tho time will bo in- 
creased in proportion to the square root of the 
number of stoppages. For by a well-known law 
of falling bodies 



Thus, if there are four compartments, 8 = }, and t — h 
so that tho total time is 4 x J = 2. 

Now, there are 0-5 x 10 s such “compartments" in 
our case, so that the timo will bo increased. 

x 10* times =071 x 10 4 =7100. 

The timo required for falling freo having been 
l-9x 10~ # socond, tho timo required by the elec- 
tron for threading its way through tho copper 
will be 

7000 x 1-9 x 10 "* 135 x 10 s second. 

In that short time tho whole of tho freely moving 
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electrons, SSO trillion iu number, will have pa ;sod out 
of the copper into the positivo plate, and their places 
will have been taken by roinforcemonts from tho 
negative plate. In one second no less than 

380 trillion 
1-35x10 * 

electrons will pass through any cross-section of the 
conductor. This is tho electron current. It is 
equal iu electric quantity to tho ordinary or posi- 
tive ■ current ” but of opposite sign. In practical 
measure it comes to about IS.uuu.OnO ampi-res. a 
current of such intensity that it would melt 
and evaporate tho copper in a fraction of a 
second . 1 

The property whoreby a conductor absorbs tho 
kinetic energy of the electrons and converts it into 
heat is called the ‘ resistance” of the conductor. 

Tho current, or current strength, is measured by 
the number of electrons passing any section of the 
conductor in unit time. 

We might define unit current as tho passago of 
one company of electrons per second across any sec- 
tion of the conductor. But such a current would bo 
exceedingly small, and could hardly bo measured by 
the ordinary instruments. It is usual to measuro 
currents by “amperes,” or “coulombs” por socond. 

1 The current calculated from the observed resistance is 188 
million ampdres, so that the electrons are not stopped quite so 
often as above supposed. 
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One coulomb consists of 3 x 10 9 companies, or 
8'7 x 10 18 electrons. In accordance with the prin- 
ciple of emphasising the atomic nature of elec- 
tricity, I shall call the “coulomb” an “army” of 
electrons (or positive atoms), and we shall know 
that this army consists of 8‘79 trillion men and may 
be divided into 3000 million companies. 

When one army of electrons passes across any 
section of a conductor in one second, that conductor 
is conveying unit current, or one “ ampere.” 

Tho amount of electricity passing every section 
must obviously be the same. For if more electricity 
entered by one section than what issued l»y the other 
tho metal between tho two sections would be accumu- 
lating electricity, and such accumulation would be 
rapidly cleared away by tho mutual repulsion of the 
charges. 

The amounts of electricity dealt with in metallic 
conduction aro much larger than those wo have to 
do with in electrostatic charges. In these, as we 
havo seen, it is not practicable to have more than 
ono-millionth of tho total electricity in the shape of 
free charges. But within the uncharged metal, every 
freo olcctron is compensated by a positive atom, and 
is freo to move, although it docs not form an electro- 
static chargo measurable outside. 

Wo will now proceod to consider the current under 
various circumstances. 

Suppose that in the case of the copper cube the 
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current is reduced lOOU times. That will moan that 
only one- thousand th of the electrons will reach tho 
positito plate per sec >nd. Jhit it will also moan 
that tho average steady velocity of each electron 
— in fact tho rate at which it does its work in 
overcoming the resistance of tho conductor — is 
reduced in the same proportion. In any element 
of volume of the conductor, tho rate at which 
enorgy is converted into hoat will bo reduced in 
the proportion of 1 : 1000 s , or 1 : a million. And 
in general, the heat evolved per unit volume in 
unit time is proportional. to the square of the current. 
(Joule’s Law.) 

If, on tho other hand, we reduce tho difference of 
potential between the plates to njVath of its former 
value, we reduce the forco acting ujion tho electrons 
in the same proportion, and their stoady average 
velocity and rate of work will be reduced to ^ o\r,th. 
For every thousand electrons which formerly passed 
a cross-section, only one electron will pass now. Tho 
current, therefore, is proportional (<> the differ' nee 
of potential at the ends of the conductor. (Ohm’s 
Law.) 

Now, instead of one copper cube, let thoro ho two. 
Then, since tho plates are supposed to bo infinite, 
and contain a supply of electrons and positive atoms 
equal to any demand, there will ho two equal currents, 
and tho total current will be twice what it was before. 
Following up this argument, we see that the current 
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is proportional to the sectional area of the con- 
ductor. 

Next, lot the two copper cubes bo arranged one be- 
hind tho other (Fig. 14), so that the current 
has to traverse both in succession, and lot A *' 
tho difference of potential bo the same as 
before. To secure this, we shall have to 
reduce the surface density of electricity on . 
the plates to one-half, and therefore the 
force will bo halved, and also the steady 
velocity of the electrons. Hence the 
current itself will be half its former value, 
and if we increased the length of con- B 0 
ductor n times, we should also reduce the j.- J0 14> 
current n times. Therefore the current 
is inversely proportional to the length of the con- 
ductor, other circumstances being equal, a c 

If, while kcoping the plates the same 
distance apart wo connected them by a 
slanting conductor (Fig. 15), wo should re- 
duce the effectivo force on the electrons in 
tho samo proportion as we increased tho 
length of tho conductor, and should, 
therefore, also reduce tho current in tho 
same proportion, so that in this cose also 
tho current is inversely proportional to 
the longth of tho conductor. 

Tho geometrical shape of tho conductor is, how- 
ever, not the only factor which iniluonces tho current. 
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li‘ iron wore substituted for iv copper roil of i ho samo 
dimensions, the current would fall to one ixth its 
former value. Tho property whereby one metal 
conducts oloctricity better than another is callod 
its (specific) conductivity. Its reciprocal is called 
its “resistivity,” or spocilic resistance. Tho actual 
resistance of a metallic rod of uniform soction may 
be arrived at by multiplying its resistivity by its 
length and dividing by its sectional oroa. 

The resistance of a body may bo measured by the 
amount of energy transformed into heat by a current 
of one ampere passing through it for one second. 
A pieco of iron develops six times as much heat 
as a piece of copper. The resistance of an iron 
wire 1 cm. long is, therefore, equivalent to that of a 
copper wire of tho samo thickness, but 0 cm. long. 
Therefore, if we have an iron wire and a copper wire, 
each 1 cm. long, attached end to end, and conduct 
the current through both, wo got tho samo result as 
if we passed the current through a copper wire 7 cm. 
long. In other words, tho resistance of two suc- 
cessive conductors is equal to the sum of tho 
resistances of tho conductors taken separately, and 
the current acts accordingly. 

Wo are now in a position to fully formulato Ohm’s 
law. If a difference of potential is maintained at tho 
ends of a conductor, or system of successive con- 
ductors, the current through tho conductor or tho 
system is proportional to tho difference of potential, 
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and inversely proportional to tho resistance between 
the ends. 

Sueli a law as tho above docs not, of courso, hold 
good unless tho number of carriers of electricity is 
a constant quantity. In gaseous discharges, as we 
have seen, ionisation is continually going on, and the 
current often increases much more rapidly than the 
difference of potential. In metals the detachable 
electrons are all available for conduction, although 
a large proportion of them are temporarily bound up 
with atoms at any given instant. An increase of 
the difference of potential does not affect the ionis- 
ation in metals, since in them ionisation is final in 
tho natural state. 

When a current Hows into a branched conductor, 
the current flowing towards the point of division 
must bo equal to tho sum of tho currents flowing 
away from it. For otherwise thero would be an 
accumulation of either electrons or positive atoms 
at tho junction. When any number of con- 
ductors meet at the same point, the sum of the 
currents towards tho point is equal to tho sum of 
tho currents from the point. This rule is known as 
KirchhoiVs first law. 

Tho current is soon to bokovo like an incompres- 
sible fluid. As a matter of fact, electricity is a fluid, 
and, indeed, a gas, possessing a pressure of several 
thousand atmospheres in most metals, and having 
tho same temperature os its surroundings. What 
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distinguishes it from ordinary gases is the enormous 
expansive forco it possesses apart from its tempera- 
ture. Ordinary gases, when deprived of all heat, are 
at the same time deprived of all oxpansive forco 
But tho electric gas. made up of electrons, has an 
enormous explosive power, oven at tho absoluto zero 
of temperature. Nor is electricity, regarded as a 
fluid, really incompressible. It can bo compressed 
to the extent of about a millionth, as is done in 
charging a conductor with a high negative charge. 
But that is the utmost limit to which wo can push 
the compression, and in ordinary apparatus that 
would be inappreciable. 

In the imaginary experiments described abovo, I 
have said nothing about the manner in which the 
Iyj hj infinito plates All and CD may 

« n have been charged, bocuuso 

IPX ^ ocs affect tho result. 

/ \ But any electrostatic machiuo 

/ | capable of supplying tho ro- 

| I (j aired number of electrons and 

!J positive atoms may tako tho 

place of the infinite plates. Lot 
guc h ft machine supply tho 
small plate N with sufficient 
electrons to keep it at a (negative) potential of one 
volt, and let tho inachino at tho samo time with- 
draw a corresponding number of electrons from M, 
so as to keep M at tho potential of the earth ; thon 
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the inachiue will bo doing a certain amount of work 
on the negative electrons to take them from M to 
N. That work will be ono erg for every “army” or 
“coulomb” of electrons; it is called the “electro- 
motivo force ” (E.M.F.) 1 of the electric machine. 

When tho work is done without loss between M 
and N, tho E.M.F. is simply tho resulting difference 
of potential between M and N, for it represents the 
amount of energy that can be obtained per unit of 
electricity out of the wire in the shape of heat. But 
when the electric machine works in such a manner 
that not all its work is transformed into potential 
energy, but somo of it lost in overcoming a resist- 
ance, tho current is reduced in proportion to this 
additional resistance, and the extra work is deducted 
from tho difference of potential available at the ter- 
minals M and N. The electromotive forco of the 
machine is then no longer equal to the difference 
of potential between the terminals M and N, but 
larger. 

Ohm’s law also covors this case of what is called 
“ internal resistance.” For it states that the current 
is in all cases proportional to the total E.M.F. (whether 
due to ono maohino or sovoral in series), and inversely 
proportional to tho total resistance. 

An apparatus like tho above, consisting of an 

1 The term electromotive force is unfort uuate. It is not a force, 
and it is not work, but work per quantity of electricity. Other 
terms sometimes used, like tension or pressure, are equally unfor- 
tunate. We still await a satisfactory word. 

G 
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electric machine or other electromotive agency and 
a conductor joining its terminals, is called an “elic- 
tric circuit.” Since electricity can neither Ihj created 
nor destroyed, there must in tho ond bo a circulation 
of electricity, and if there is a continuous flow such 
a flow must ultimately constitute a circuit. 

The current in a circuit can, by means of Ohm’s 
law, lw calculated in a simple manner. Tho E.M.F. 
is measured in volts, each of which is 3 i 0 of an 
electrostatic unit of ditVorenco of {mLcntinl (l org per 
company). The current is measured in amperes, or 
coulombs per second. Resistance is measured by a 
unit called the ‘ ohm,” which is the resistance of a 
thread of pure mercury 1 sq. mm. in sectional area 
and lot!:: mm. long. The resistance of any other 
conductor may bo calculated from its dimensions and 
its resistivity. That being done, we obtain the current 
by the equation — 

. , . K.M K in \*"|( s 

l. uncut in amjH run - . . » 

robidtuuco in ohiiiH 


5. Discharge through Liquids — Electrolysis. — Wo 
have now to consider the case whero tho metallic 
circuit containing tho current-yielding electric 
machine is broken at one point, and a liquid is 
interposed in tho gap. If the circuit consists of 
one motal only, and but one liquid is introduced, 
two things may happen: (a) no current passes; 
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or (h) a current passes. The former alternative 
happens whon the liquid is an insulator, like oil. 
The lattor happens whon the liquid contains ions. 

Puro water contains practically no ions at all, 
and is therefore a nearly perfect insulator. But 
it has a remarkably high power of splitting up 
the molecules of other substances into ions. Thus, 
if it contains a drop of hydrochloric acid (UC1), it 
splits up nearly overy molecule of the acid into 
ions; theso being atoms of hydrogen and atoms 
of chlorine respectively. To put it more precisely, 
if water contains O-OOoti per cent, of hydrochloric 
acid, then 9!) per cent, of all the acid molecules 
will bo split up (or “dissociated” or “ionised”) 
into H and Cl, and the remaining 1 per cent, will 
bo prosent as HC1. This hypothesis, which is 
greatly at variance with the old chemical views 
of tho constitution of a diluto acid, is called the 
“ ionic ” or “ dissociation ” hypothesis, and has 
been elaborated chiefly by tho celebrated Swedish 
physicist Arrhonius. It wits this hypothesis which 
first utilised tho conception of an atomic structure 
of olectricily, as suggested by Faraday’s laws of 
oloctrolysis. 

It must not bo concluded from tho percentage of 
undissociatod acid that the dissociation is absolutely 
permanent; for the ions of opposite sign attract 
each other with a forco amounting to (3*4 x 1 0~ lp ) s 
dynes when at a distance of 1 cm. apart and it 



100 


THE ELECTRON THEORY 


must happen that they occasionally meet and 
coalesce, in spite of the viscous resistance of the 
intervening water, and the peculiar effectiveness of 
tho water molecules in splitting up moleculos of 
other bodies. With a solution as diluto as we 
have above supposed, there aro some 50.0(H) mole- 
cules of water to every molecule of hydrochloric 
acid, and such is the dissociating power possessed 
by this quantity of water that only one molecule 
HC1 out of a hundred escapes dissociation. If, there- 
fore, two ions of the acid consisting of hydrogen 
atoms which have lost one electron, and chlorine 
atoms which have gained one electron, should 
happen to meet and coalesce, they would again bo 
dissociated before long. Wo may suppose that all the 
ions do meet and combine, but that for overy second 
they spend in combination they spend one minute 
and thirty-nine seconds in separation, so that, on 
the whole, there are always ninoty-nino out of every 
hundred of them dissociated. 

This state of things is radically different from tho 
caso of a motal, where, as wo havo seen in tho caso 
of copper, each cloctron is combined with a positive 
atom about 5000 times longer than the time it 
spends flying free. From this wc might at first 
sight conclude that tho conductivity of coppor was 
5000 times less than that of a dilute solution of 
hydrochloric acid; but that conclusion would bo 
quite unjustified. In tho first place, it must be 
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remembered that conduction in copper is due, not 
to charged atoms, but to free electrons, which, are 
a hundred-thousand times smaller, and therefore 
very much more mobile than charged atoms. Not 
only aro they smaller in size, but the mass of an 
electron is also about a thousand times smaller than 
that of a hydrogen atom, so that the same force 
produces in it a thousand times more of an accelera- 
tion than in the hydrogen atom. An E.M.F. which 
in a metal would make the electrons move with a 
steady velocity of something like a kilometre per 
second, would only suffice to impart a 
velocity of , cm. per second to the hydro- 
gen ions in an aqueous solution. Since 
tho valuo of the charge is the same in both 
cases, tho currents will differ enormously 
in strength, tho copper evincing by far the 
greater conductivity. 

We may now proceed to consider in de- 
tail tho behaviour of a cube of a dilute 
solution of hydrochloric acid with a side 
1 cm. long, introduced between two infinite 
conducting plates kept at a difference 
of potential of 1 volt (=357 electrostatic 
unit). 

Its weight may be put down as one gramme, being 
nearly tho same ns water. As regards its molecular 
structure, it consists of water molecules, H 4 0 , dis- 
sociated water molecules, H+liO, dissociated mole- 
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cules of hydrochloric acid. 11+C'l, and undissociated 
molecules of the same, HC1. If the concentration 
<»f HC1 is 0110 -thousandth “gramme-molecule” per 
litre, 1 or one-thousandth of the “normal” concen- 
tration, the percentage of 1101 in solution will he 
O‘OO.j 05. We may then put down the following 
census of molecules and ions contained in the cubic 


centimetre of solution : — 

Ncutul molecule* »*f water II X) . . . . fix 10* 

Tul l! mnlr. uli * uf .W’lil I'M x lo 1 * 

Oi then* (li'MK’inletl 11 -4-01 ...... l* s xlo ,M 

Of tlu'-f \i:i‘ li 1 — « »ci;itt*il 1 i ( T 2 x Io lfi 

Dis-ociiitnl im »lt i nit*?; t if waU i 11 + IiO . . lo l * 


Of these Constituents, only the dissociated ions 
play any part in the conduction of electricity, and 
of these thero are 18,000 derived from tlio acid lor 
one derived from water. Hence wo arc practically 
reduced to the hydrogen and chlorino ions if wo 
wish to conduct electricity through tho solution. 

These must be present in equal numbers, as 
otherwise tho solution would have a charge. Thus, 
if there were 1,01)0,001 hydrogen ions lor every 
1,000,000 chlorine ions, tho solution could have a 
positive charge equivalent to 810 companies, which 
would charge it to a potential of over 100,000 volts. 

1 A solution is said to contain one gramme-molecule per litre if 
it contains M grammes per litre, M being the molecular weight of 
the substance. That of II 01 being 35*5 f 1 -3fS a 5,the weight in one 
litre of water must be grammes to give a “ normal ,f solution 
of one gramme -molecule. The water weighing 1000 grammes, the 
percentage is 3 05. 
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Of tho 1-8 xlO 18 ions of hydrogen and chlorine, we 
must have, therefore, OOxlO® hydrogen ions, and 
the same number of chlorine ions. Each of the 
former has a positive charge equal to that of one 
positive atom, and each of the chlorine ions has a 
negative charge equal to that of one electron. The 
simple hydrogen ion is a positive atom — i.e. an atom 
deprived of ono electron. Tho simple chlorine ion 
is a “ uegativo atom ’’ — i>. an atom provided with 
an extra electron. But these charged atoms do not 
travel singly through the water. Their motions 
under the inilucncc of electric force are so slow 
that tho only plausible explanation seems to be that 
they are bound up with a number of neutral water 
molecules which act as a drag, and hinder their 
progress through tho water. They are, so to speak, 
“hydrated.” and tho chlorine atoms are hydrated 
four or five times more heavily than the hydrogen 
atoms, and are therefore four or live times slower. 
If this wero not so, it would lie impossible to account 
for tho slowness of the ions, for tho water molecules 
are twice as loosely packed as the atoms in the 
copper. There is plenty of room between them, 
and hydrogen atoms, though so much larger than 
electrons, would have a reasonably long free path 
if they travelled singly. As it is, tho hydrogen ions 
are tho fastest of all ions known, tho next being 
tho ions of tho combination HO, which, however, 
are only half as fast. Tho mobility of these main 
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constituents of water accounts for many of those 
characteristic qualities which make it the main 
vehicle of the processes of life. 

Whatever tho amount of hydration may be — anti 
its absolute amount is difficult to calculate — it is a 
constant quantity for tho same ion at tho same 
temperature, whatever tho chemical bttdy from 
which it may be derived. Tho •‘mobility” of the 
ion is always tho same at a given temperature. It 
is moasured by tho steady volocity it acquires under 
the intlucnce of a “field" of one volt per conti- 
metre — is. an electric field of force in which tho 
potential varies by one volt for every centimetre 
travelled in the direction of tho force. 

Arrhenius, in his “Textbook of Eloctrochomistry,” 
gives the following table of absolute velocities of the 
most commonly occurring ions at a temperature of 
18 a , under tho influence of a fall of potential of 
1 volt por centimetre: — 

Cations. Anions. 


H . . . 

.3250 x 10— 6 

Oil . . . 

1780 

K . . . 

070 


Cl . . . 

G78 

Na . . . 

451 


I ... . 

G85 

Li . . . 

347 


NO, . . . 

010 

NH* • • 

oco 

>» 

oii 3 oo 2 . 

350 

Ag. . . 

570 

» 

0*H fi C0 2 . 

320 


Tho “ cations ” are those ions which take a positive 
charge ( i.e . loso one electron) and wander to the 
cathode or negativo plate. The “ anions ” are thoso 
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which take a negative charge— ie. an extra electron 
— and wander to the anode or positive plate. 

“ From these data/’ proceeds Arrhenius, “ we can 
calculate the mechanical force necessary to drive 
a gramme-ion 1 through the water with a certain 
velocity. The volt is so deiinod that the work 10 7 
ergs is required to transport 1 coulomb against this 
potential difference. Inversely, if the fall of poten- 
tial is 1 volt per centimetre, then 10' dyne-ems. 
(ergs) aro required to transport 1 coulomb through 
1 cm. against this fall — i.r. the force necessary for 
1 coulomb is 10 7 dynes = 1018 kilogrammes. The 
force required for a gramme-ion charged with 9C,f>00 
coulombs against the same fall of potential is there- 
fore 

1X5, MX) x 10'18 = 983,000 kilogrammes. 


This force drives a grannne-ion of hydrogen with 
a velocity 1125 x It) -5 cm. per second. The force 
required in order that the velocity may be 1 cm. 

per second must be ^ times greater — i.e. it must 
be 

083,000x10* orto . .. 

— — ^ =302 x 10* kilogrammes. 

The following table gives the force in million 

1 A gramme-loo contains as many grammes of the substance as 
its simple ion is heavier than an atom of hydrogen. In other 
words, it consists always of 0*9 quadrillion ions. 
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kilogrammes required to drive 1 gram mo-ion through 
water at 18’ with a velocity of 1 cm. per second : — 


K . . 

. 1167 

Cl . . . 

1450 

Na . 

2]n» 

i . . . 

1435 

Li . . 

. *>33 

NO. . . 

1536 

\H 4 . 

. 1400 

on . . 

552 

II . . 

3 "2 

eu,< 'o, . 

2s] 0 

• 

. 1 7 25 

0 -.ii.ro., . 

3110 


From those numbers it can ho seen what enor- 
mous mechanical forces are required to move the 
ions through the solvent with an appreciable velocity. 
As the temperature rises, these values, which are a 
measure of tho friction, decrease in about tho same 
ratio as that in which tho mobilities of the ions 
increase — m. for most ions about 2\ r > per cent, per 
degree. 

‘ The electrolytic friction of the ions is greator in 
other solvents than in water. Tho addition of a 
very small quantity of another non-conductor to 
the water appreciably increases tho friction of tho 
ions, and consequently diminishes the conductivity 
of the solution, just as the internal friction of tho 
liquid is altered by a similar addition. Tho action 
of foreign substancos on the internal friction runs 
almost parallel with that on tho electrolytic friction. 
Thus I havo found that the addition of 1 por cent, 
by volumo of alcohol, other, acetone, or cane sugar 
raises the internal friction, and the electrolytic fric- 
tion of the commonly occurring ions at 25“ by the 
amounts quoted. If greater quantities be added 
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there is a proportional increase in the electrolytic 
friction; but also a diminution of the degree of 
dissociation of the electrolyte, particularly if a con- 
centrated solution of this is used.” 

These remarks of the great Swede show that the 
two factors which determine conductivity — viz. den- 
sity of ions and mobility — may both be affected by 
substances which increase tho viscosity of the solu- 
tion. hut as long as these are absent, we may 
rely ujnm the constancy of that most important 
factor, tho mobility of the individual ion. 

That being so, wo may proceed to calculate the 
electric current which will traverse tho cubic centi- 
raotro of diluto solution we are contemplating. This 
current consists of two streams of electrified matter. 
Ono of these is the procession of positive H ions 
towards tho cathode, and tho other is the procession 
of negative Cl ions towards the anode. If we make 
any section across the lines of How, a certain num- 
ber of H ions will pass that section in one direction 
every second, and a certain number — a smaller 
number — of Cl ions will pass it in tho other direc- 
tion. The sum of these two numbers is tho electric 
current. 

The two processions result in an accumulation of 
H atoms at tho cathode, and of Cl atoms at the 
anode. But for tho Hrst second of time, at all 
evonts, this accumulation will be small, and may 
be neglected, as also may be the emptying of the 
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neighbourhood of tho anodo as regards H aton 1 . 
For the first stages wo may suppose tho wholo of tl j 
ions to bo in motion. 

The total number of H ions boing 0 9 x 10'“, anu 
their mobility 0 , 0032o, the proportion of them which 
traverses any section will be 0*0 x 10 ,s x 0*00r.2o per 
second, or 2*77 x 10’’ ions per second. Since 1 
ampere is a current of T79x10 M electrons j»er 
second, tho above current is equivalent to .Tin x 10 * 
ampere. This then is the positive current. The 
negative current consists of chlorine ions, 0 , i»xl0 lb 
in number, and having a mobility of (HjOOOS cm. per 
sec. The current duo to them is, therefore, 0*1) x 10 ,s 
x 0*00003 electrons, or 0*G1 x 10 ,s electrons per second, 
which amounts to 0*00 x ID' 4 ampere. 

Hence we have as a net result : — 

Positive current 3*l!i x 10 •* anipi-ro 

Negative current . . O’Oflx lU’* umpire 

Total current . . 3*84 x 10'* ampi-ro 

or about onc-third of a militant p£ro. 

This calculation is fully confirmed by experiment, 
and affords a very striking example of how tho atomic 
theory of electricity may be applied to obtain a clear 
insight into what actually happens in an electrolytic 
cell. The clearness of tho theory in this connection 
is due to tho very definite data which are available 
concerning the number of dissociated ions in solution. 
This knowledge is by no means so precise in tho case 
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of cither metals or gases, and we cannot, therefore, 
make similarly precise calculations for these. From 
the electrical point of viow, the dilute solution is the 
best known of all substances. 

The above calculation also gives us the resistance, 
tho resistivity, the conductivity ( ‘conductance’') and 
specific conductivity of tho solution. 

A body is said to have a resistance of one ohm if 
an E.M.F. of ono volt applied to its terminals pro- 
duces in it a current of one ampere. Tho current in 
our case being only 0\84 x 10" 1 ampere, tho resist- 
ance is correspondingly greater, and amounts to 

— 2000 ohms. This is also tho resistivity or specific 
resistance of the electrolyte, since that is defined as 
tho resistance of 1 cm. cube. Tho conductivity is 
tho reciprocal of this, or 3*84 x 10' 4 . 

If, now, wo increase the concentration of the solution, 
we also increase its conductivity, since more ions will 
be added to it. But the increase will not be in propor- 
tion to tho concentration, as less and less ions will be 
dissociated. With one gramme-molecule of HC1 per 
litre, tho degree of dissociation will only be 59 per 
cent, instead of 99 as before. Thcro will be 1000 times 
as many moleoulos, but tho conductivity will only be 
increased in the proportion of 59,000 : 99 or 596 : 1. 
It will thus bo 59Cx3‘84xl0' 4 or 0’22, so that the 
current passing will bo about one-fifth of an ampere. 

Our attention is next claimod by what happens at 



I IO 


THE ELECTRON THEORY 


the electrodes. The H atoms arri\ * at tho negati' j 
plate, which contains a vast nun or of eloctroi i 
ready to pass out of tho metal into the solatia, 
on the slightest provocation. Such provocation is 
supplied l*y the H ions, which, having lost an electron 
each, are positively charges!, and att ract electrons out 
of the metal. When this takes place tho positivo 
atom of hydrogen becomes a neutral atom. It im- 
mediately disengages itself from tho cmbraco of tho 
water molecules which have clung to it during its 
charged state, attracted by some as yet mysterious 
force, and becomes an ordinary gas. As it accumu- 
lates, its prossuro becomes such that tho water can 
uo longer hold it in solution, and it escapes from tho 
water in the shape of bubbles. 

At the anode the converse process happens mean- 
while. The chlorine ion, having an electron to spare, 
lets it pass into the positively charged plate, which is 
poor in electrons, and the chlorine atom becomes an 
ordinarily neutrul atom of chlorine gas. But since 
water can dissolve a great deal more chlorine than 
hydrogen, the chlorine remains in solution, and 
gradually diffuses from the anodo towards tho 
cathode. In any case, we get an ovolution of 
hydrogen at tho cathode, and chlorine at tho anode. 
The original hydrochloric acid Is decomposed into its 
constituents by this process of “ electrolysis." 

Faraday’s “First Law of Electrolysis,” maintains 
that the quantity of substance decomposed is pro- 
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portional to tfte quantity of electricity passing 
through. That this must bo so is immediately 
evident from the nature of the process as above ex- 
plained. We must l>ear in mind that dissociation 
and decomposition are not the same thing. The 
former gives us charged ions, the latter gives us 
noulral atoms and molecules. Every ion, having a 
definite chargo of one electron, or the lack of it, 
must either rcceivo an electron from the cathode 
or give it up to the anode before it can become a 
neutral atom. Both processes involve a passing of 
an electron in the same direction, and therefore a 
definite “quantity of electricity passing through.” 
Thus Faraday’s First Law is self-ovident in the 
electron theory. 

Wo havo hitherto only dealt with hydrochloric 
acid, which presents a very simple case of electro- 
lysis. Other cases aro not so simple. Take the case 
of zinc chloride, ZnCL>. Hero wo havo a molecule 
consisting of threo atoms instead of two. When 
that boon 1 nos dissociated, each of the two chlorino 
atoms will take away an olectron from the common 
stock, and leavo tho Zn with two vacancies. Each 
zino atom will therefore require two electrons to 
neutralise it, and the number of zinc atoms producod 
will be one-half tho number of hydrogen atoms which 
would bo producod by tho same current. The powor 
possessed by an atom of combining with one. two, 
threo, or rnoro simple atoms like those of hydrogen 
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or chlorine is called the “ valency ” of the atom. In 
the case of a inotal, it is measured by the numbor of 
electrons it is capablo of giving up, or, in othor words, 
the number of olomentary positive charges it is 
capable of acquiring. We see then that the number 
of atoms of any substance liberated by the eurrent is 
inversely proportional to tlo valency of the atom. 

If the atoms bad all the same valency, tho nxiyht 
of the substance liberated would bo simply pro- 
portional to the weight of their atoms. Hut as they 
have different valencies, we must divide tho atomic 
weight by the valoncy. Chemists call this quotient 
the ‘chemical equivalent” of tho substance. Thus 
we obtain Faraday’s Second Law of Electrolysis : The 
amount of any substance liberated by a yiren electric 
current in unit time is proportional to the chemical 
equivalent of the substance. 

Tho liberation of any graiumo-oquivalont (i.c. as 
many grammes as the chemical equivalent weighs in 
comparison with tho hydrogen atom) requires tho 
passage of 90,537 “ armies ” or coulombs of electrons. 
This is therefore the amount of electricity required 
to liberate 1 gramme of hydrogen, 35-5 grammes of 
chlorine, 8 grammes of oxygen, or 31 ‘5 grammes of 
copper. 

When the two ions have the same mobilities, the 
substances liberated at the two ions will have tho 
same concentration. This happens, for instanco, in 
the case of potassium Bulphate, whore the K and S0 4 
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ions have the same mobility. But in other cases, as 
in that of HC1 above considered, the migration of 
H away from the anode and towards the cathode 
will be much more rapid than that of the Cl towards 
tho anodo. The net result will bo that, on the 
wholo, the acid will gravitate towards the cathode, 
and leave the solution about the anode impoverished. 

In tho caso of copper sulphato, on the other hand, 
tho salt is used up more rapidly at the cathode than 
at tho anodo. For the mobility of Cu is 0 •00048, 
wheroas that of S0 4 is 0 00000. Tho SO, ions clear 
of! towards the anodo more rapidly than tho Cu ions 
do in the contrary direction, and the solution gets 
diluted at the cathodo. 

I must add a few words on tho manner in which 
the ionisution is determined. It is found that a 
body dissolved in a liquid has a certain pressure, 
just as a gas has. Tho prossuro is, in fact, the same as 
the substanco would have if the liquid were removed 
and tho molecules left suspended where they were. 
This pressure is called tho “ osmotic pressure,” and 
can be exhibited by means of two communicating 
tubes separated by a membrane which lets water 
porcolate through, but stops tho dissolved substance. 
Such a membrane is called “ somipermeablo.” Cer- 
tain kinds of parchment papor act as such membranes 
with regard to sugar. Now, if a solution of sugar is 
put into ono of the communicating tubes and pure 
water into tho other, the level of tho sugar solution 

H 
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is gradually seen to rise. It sucks water through the 
membrane, and tho sugar molecules aro thus enabled 
to occupy a larger volume than beforp. 

The dissolved substances oboy most of the laws of 
gases, like thoso of Boylo, Gay-Lussac, and Avogadro. 
The law of tlicso maintains that tho satno volume of 
any solution at tho same temperature, and having 
the same osmotic pressure, always contains tho same 
number of molecules or ions. 

This law gives us a means of determining tho 
number of ions in a solution. For all ions act 
osmotically as separate molecules. We need only, 
therefore, determine the apparent increase in the 
number of molecules in order to be able to follow 
the gradual dissociation of tho molecules as dilution 
proceeds. An important corroboration of tho results 
thus arrived at is by determining tho lowering of tho 
freezing-point of solutions or tho raising of their 
boiling-point with increasing concentration. Tho 
dissociations calculated from these experiments load 
to tho same results as those dcrivod from obser- 
vations of osmotic pressure and of conductivity. 

6. l)i»ch.a rgc through a Vacuum. — An oloctrifiod 
body can only be discharged through a vacuum if 
charges can bo projected out of tho body into the 
vacuum. For a vacuum by itself is a perfect in- 
sulator. It does not convey electricity, for tho same 
reason that an empty can does not convoy water — 
it docs not contain any. If tho olcclrified body is 
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brought into touch with a conductor, the swarms 
of loose electrons in the conductor and the charged 
body travcrso the junotion in one direction or the 
other until the body is discharged, or the charge 
divided between the two conductors according to 
their capacities. If a solution of on electrolyte is 
interposed between them, equilibrium is established 
by a migration of ions in both directions through 
the liquid. If a gas intervenes, the exchange is 
carried on by means of any electrons or heavier ions 
that may happen to be in the gas, or that may bo 
produced by collision or other ionising agency. But 
these facilities are not available when a perfect 
vacuum intervenes between two conductors at 
different potentials. The only bodies capable of 
furnishing carriers of electricity are tho conductors 
themselves. Now it is found that, although a con- 
ductor may be charged to a potential of thousands 
of volts, it is not easily discharged into a vacuum. 
Tho extra electrons, or positive atoms, never number 
more than one in a million; but they are all on 
the surfaco of tho conductor on account of their 
mutual repulsion. 

Why, thon, do they not loavo it and fly out into 
the vacuum? Tho force that holds them back is 
not yot fully explained; but it is the same force 
as that which prevents ions in a solution from 
separating out boforo they are discharged. These 
ions condcnso the liquid round themselves as long 
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as they arc charged. They attract the neutral 
liquid, and the neutral liquid attracts : hem, hold- 
ing them fa*t until they lose their ’charges at the 
opposite electrode. When ions happen to he con- 
tained in a moist gas, they act as centres of 
condensation, and it has he< n suggested that our 
whole rainfall is duo to ions in the uimosphurc, 
chietly negative ions as well as electrons. This 
condensing action is, no doubt, also active in metals, 
and otters a certain hindrance to the free expulsion 
of the charge from a conductor into a vacuum. 
When a charged liquid is boiled, the vapour carries 
off none of the charge. 

Ultra-violet light has a powerful effect in facili- 
tating the discharge of electrons from negativoly 
charged conductors, and entirely overcoming tho hin- 
drance ordinarily experienced. Tho light-waves may 
be conceived as shaking up tho neutral atoms con- 
densed round the electron, and sotting tho latter free. 

Now, suppose wo have two conductors in a 
vacuum at a difference of potential of one electro- 
static unit. (dOO volts), and that by tho action of 
ultra-violet light or other agency tho electrons in 
the negative conductor are sot free to enter the 
vacuum. They will, of courso, be repelled by tho 
negative conductor, and attracted by tho positive 
conductor, and, since nothing is stopping them, they 
will fall freely from one to the other, and we can 
calculate their volocity by the well-known laws of 
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falling bodies. But a simpler way is to calculate 
their energy, and deduce the velocity from that. 
The energy required to drive one “ company ” (or 
“electrostatic unit”) of electrons against one unit 
dill'ercnoo of potential, or 300 volts, is 1 erg. When 
tho same company falls freely through the same 
difference of potential its kinetic energy is therefore 
also L erg. A single electron, possessing as it does 
a charge of 3*4x10 10 units, will have a kinetic 
energy of 3*4 x 1 0 -w ergs, and this, as we know, is 
equal to half its mass multiplied by the square of 
its velocity — 

3ixl0->°=$mv*. 

Now m is 0*61 xlO* 27 of a gramme, hence we 
know v — 


2 x 3-^x 10- 10 
otilx lo-« 


= l*12x!0‘» 


and 


ltXJ x 10® cm. per sec. 


This is truly an astonishing velocity, 6000 miles 
per second ! It is about one-thirtieth of the 
velocity of light. But strango as it may seem, 
such a velocity has been actually observeil in 
vacuum tubes. Had the Newtonian opponents of 
the wave-theory of light been acquainted with this 
remarkable fact, the corpuscular theory of light 
would have died harder than it did. 

Since tho velocity varies as the square root of the 
difference of potential traversed, it would theoreti- 
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cully require 30 s or 900 times 300 volts to impart a 
speed equal to that of lijjlit to tho electrons. The 
voltage could bo obtained, perhaps ; , but it would 
not ltavo the desired etl'ect, since tho resistance of 
the ether to the motion of a very fast electron is 
very considerable, and becomes infinite near the 
speed of light. 

Klectrous projected with such velocities us these 
are known as ray*. They were discovered 

by Plucker in 1 3 S , and described by Crookes in 
1379 under the name of " radiant matter,” a name 
which was much more appropriate than the scientific 
world was inclined to believe at the time, or, indeed, 
for many years after. Crookes, however, thought 
the rays consisted of atoms, which were then con- 
sidered the smallest possible bodies in the universe. 
Nowadays the cathode rays would be more appro- 
priately styled “ radiant electricity.” They are pro- 
duced in a glass tubo exhausted to onc-millionth of 
an atmosphere, thus leaving only -10 billion molecules 
of gas per cubic cm. Crookes showed that they pro- 
ceed iu straight linos at right angles to tho surface 
whence they spring, that an obstacle placed in 
their way casts a sharp shadow ; that they produce 
a vivid phosphorescence when impinging upon glass, 
or especially jewels; that they exert a mechanical 
pressure where they fall, and that they can bo 
deflected by a magnet. To these important pro- 
perties we must now add tho still more remarkable 
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property of producing Rontgen rays when they 
iiupingo upon a solid body. 

Positively charged bodies can also bo discharged 
through a vacuum ; but as there are no positive 
electrons, the smallest positive carriers are of atomic 
dimensions, and aro at least 1000 times heavier than 
electrons. Since the charge of a positive atom is 
the samo as that of an electron, the electric force 
upon it is also the same. But this force, having to 
set in motion a hotly at least 1000 times heavier 
than an electron, will produce in it a velocity at 
least 1000 times less. Wien has actually found a 
group of positive ions having one-thousandth of the 
velocity <jf olcctrons, another having one twenty- 
thousandth, and another having one-millionth of 
their velocity. The last of these must consist of 
groups of neutral atoms combined with one positive 
atom each. Positive ions moving with these com- 
paratively high velocities are called “ canal rays,’’ 
since thoy aro best observed by perforating the 
cathode, and letting them emerge on tho other 
side. It is interesting to note that material par- 
ticles of atomic dimensions oan bo endowed with a 
velocity of six miles per second by a human agency. 
This spoed is about twico the velocity of a point at 
the Equator duo to the earth’s rotation. 

Tho prodigious velocities acquired by charged 
particles in a vacuum probably' play a very im- 
portant part in tho electric equilibrium of the 
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universe. Consider one or two points. The dificr- 
ence of potential between the earth and the sun is 
about a billion volts, the sun being positive and the 
earth negative. Any electrons expelled from the 
earth will thcrutbro travel towards the sun with a 
constantly increasing spood, and will travol with a 
velocity nearly equal to that of light over the last 
stagoa Its kinetic energy will go to keep up the 
sun’s heat. When it gets into the neighbourhood 
of the sun it will exert its condensing action upon 
the neutral gases there, and will form a small drop. 
This drop will bo exposed to the radiation of the 
sun, which, according to Maxwell and Kartoli, oxorts 
a pressure sufficient to balance the weight, of a very 
small drop. The maximum pressure in comparison 
with weight is exerted on a drop 8x10*' cm. in 
radius, and having the density and capacity of water. 
The radiation pressure is then 2‘f# times the gravi- 
tational attraction. Such drops are constantly being 
repelled from the sun in enormous numbers. Their 
expulsion keeps up the sun’s positive charge ; but 
that positive charge does not increase indefinitely, 
since the sun drains vast tracts of space of the 
electrons which abound in them. Arrhenius has 
estimated that the sun drains tho space as far out 
as onc-sixtieth of the distance of tho nearest fixed 
star of its free electrons, and thus maintains a 
constant circulation of electricity throughout the 
solar system. 



CHAPTER V 

THERMO-ELECTRICITY 

We will now return to metallic conductors in order 
to study the effect which heat exerts upon the dis- 
tribution and motion of clcctroas in them. 

Tho modern view of heat is that it is a rapid 
motion of the smallest particles of matter. Before 
tho days of the electron theory, these smallest 
particles were supposed to bo atoms. Wo now know 
that atoms arc not tho smallest existing particles; 
but tho electrons, which are at least as numerous 
as tho atoms in a metal, are at least one thousand 
times lighter, and about a hundred thousand times 
smaller. The equality of temperature throughout 
tho metallic mass means that the average kinetic 
energy of tho particles of all kinds is the same in 
any small volumo chosen at random. Now. sinco 
the kinetic energy of a body is § mr\ where m is 
its mass and v its velocity, two bodies at the same 
temperature must havo the sauio velocity if their 
masses aro equal; or, if they are unoqual, their 
velocities must compensate such inequality. If the 
mass of one body is one-fourth of that of another 
body, the square of its velocity must be four times 



12 2 


Till? ELECTRON THEORY 


as largo, and its velocity must bo twice as largo. 
Now. since the mass of the electron is about rt(J 
of that of an iron atom, its velocity at the same 
temperature must bo -40 times as groat. 

Tho absolute temperature varies as the square 
of tho velocity of tho particles. Tho “absolute" 
temperature in degrees centigrade is reckoned from 
the absolute zero of temporaturo, which is 273° 
below freezing-point. Thus the absolute tempera- 
ture of melting ice is 273°, and of boiling water 
373 . Hence, tho velocities of the particles at 
freezing-point and boiling-point will be as 

s fa3 : v'373, or 10 5 : 10 3. 

In heating a wire from the freezing-point to the 
boiling-point of water, the velocity of all its atoms 
and electrons is increased 17 pur cent. 

Now we have soon that tho electrons behave 
practically like a gas capable of penetrating the 
metal. When tiny are heated it is just as if the 
pressure of a gas wore increased by healing it. 
Their pressure is also increased, and they make 
their way into cooler parts, whero tho pressure is 
less. 

Here, then, wo havo a displacement of electrons, 
and we kuow that a displacement of electrons con- 
stitutes an electric current. It is therefore possible 
to generate an electric current by heating a metal 
unequally in different parts. 
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If I he wire is Lent into a ring, and it is heated 
at ran; point, electron currents in opposite directions 
will ; tart from the hot point. There will, of course, 
bo no current round the circuit, since the two 
opposod currents neutralise each other. But if the 
wire on one side of the hot point is kept cool in 
a water-jacket, tho slope of pressure will be more 
abrupt on that side, and the electrons will pass by 
preference in that direction. There will, therefore, 
be a resultant electron current in the direction of 
tho water-jacket, or a positive current in the reverse 
direction. Any other means of making tho slope 
of temperature and kinetic pressure more abrupt 
will have tho same cll'ect. Thus, if the wire is 
passed slowly through a flame, leaving a steeper 
gradient of temperature in front than behind, the 
electron current will flow in tho direction in which 
the flame moves along the wire. 

Conversely, if an electron current is sent along 
a wire containing a hot point, it will carry the heat 
along with it, producing a more gradual slope of 
heat on tho other side of tho hot point. This may 
be well observed in an iron wire. 

Tho simplest way of altering the slope of the 
hoat-curvo is by joining two metals of different 
conductivities for heat. Thus, if (Fig. 18) a bar of 
lead and a bar of zinc are joined at A and boated 
at the junction, the slope of temperature will be 
more abrupt on tho lead side than on the zinc side, 
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and an electron current will pass steadily from the 
zinc to the lead and hack through tho wire outside. 
Or, to use tho older language, a (positive) current 
will pass across tho hot junction from load to zinc. 

If we leave the zinc-lead junction cool, and send 
an electron current through it fro n tho zinc to 'he 
lead, it is evident that the same number of electrons 
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must pass every cross-section both of the lead and 
the zinc. Since there is moro resistance to be over- 
come in the lead than in the zinc, the electrons 
entering the lead must acquire an extra supply of 
energy, and this can oidy be derived from the 
motion of the atoms and electrons themselves. 
Hence the junction A will be cooled. An electron 
current in tho reverse direction would heat the same 
junction. This heating and cooling of junctions of 
dissimilar inetals by a current passing through is 
known as tho Peltier effect. 

All the above reasonings havo supposed that the 
heating and cooling have no effect upon the electric 
conductivity of the metal, nor upon its two factors 
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— viz. tho density and mobility of the electrons. But 
in reality both these factors are profoundly affected 
by heat, and tho actual phenomena are therefore 
more complicated than tho above reasoning might 
lead us to sapposo. Before wo are in a position to 
deal fully with thermo-electric phenomena, we must 
have some more information concerning these two 
factors, and must also consider the difference of 
potential between two metals or other conductors 
produced by contact at ordinary temperatures. 

I have indicated tho general principles upon which 
a full theory of thermo-electric effects must be based. 
But this full theory is by no means worked out as 
yet. The older theories stood quite helpless before 
tho puzzling variety of thermo-electric phenomena. 
Tho electron theory gives us valuable help; but a 
groat deal remains to be tlono, and the research 
student cannot chooso a more promising field for 
his labours, or one more likely to give him a rich 
reward, than the connection between electricity 
and heat. Tho direct conversion of thermal into 
electrical energy — in other words, tho generation 
of eloctricity direct from coal — is a problem fraught 
with great oconomic consequences. Thermo-olectric 
batteries havo been employed for some time in 
galvanoplastic and other small installations; but 
their efficiency and durability still leavo much to 
bo desirod. Haphazard experiments are not likely 
to lead to any radical improvement without the 
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probability of a Ions' scries of eo ily failures. 
Hut a good work ins' theory of therm, electricity 
may indicate the lines along which success 
may be looked for with a reasonable decree of 
probability. 

Tho fact discovered by Soebock is that when a 
rod of antimony and a roil of ’bismuth aro joined at 
one end and heated at that end, and tho bismuth 
rod is bent round so as to join the antimony at tho 
other end, and that junction is kept cool, a (positive) 
current flows across tho hot junction from the 
bismuth to the antimony. 

This means, according to tho electron theory, that 
electrons travel across tho hot junction from the 
antimony to tho bismuth, and across tho cold 
junction from the bismuth back to the antimony. 
There is no real 'positive current," since that would 
need atoms for its transportation, and these could 
only be bismuth atoms travelling across tho hot 
junction into the antimony. Tho end of tho anti- 
mony would thus be converted into an alloy of 
bismuth and antimony. This has never been ob- 
served ; but it has been found that under extreme 
pressure one metal may be forced to diffuse into 
another, and when that takes place a real positive or 
atomic current may pass. Under ordinary circum- 
stances tho electron current, is tho only olectric 
current large enough to bo measured. But we may 
suppose that a certain amount of atomic diffusion 
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docs take place even at ordinary pressures, and to 
this atomic diffusion current we may attribute tho 
gradual degeneration of thermo-electric batteries. 

Antimony and bismuth show one of tho largest 
thermo-electric effects known, and this fact no doubt 
facilitated its discovery by Seobeck. But all com- 
binations of metals 'may bo used for generating 
thermo-electrio currents. Tho current-strength 
obtained varies from one metal to another. We 
know that the current is proportional to the conduc- 
tivity and to tho energy spent in driving an electron 
round tho circuit, and we have seen that this energy- 
per-olectron is called the electromotive “force” 
(E.M.F.). Now the E.M.F. generated by a bis- 
muth-antimony couple whoso junctions arc kept at 
boiling-point and freezing-point respectively is J 0 th 
of that of a Daniell cell, so that 200 couples would 
have to be ranged in series in order to give tho 
E.M.F. of a single Daniell cell. Bismuth, l«eing 
costly, and its resistivity high, such a battery 
would cost much more than the cell. But then 
a current could bo obtained from it at any time 
by heating alternate junctions with boiling water 
or steam. 

E. Bccquerel in 18G4 compared a largo number of 
metals with copper, and measured tho E.M.F.'s they 
yielded when combined with copper, with their 
junctions kept at freezing-point and boiling-point 
respectively. I quote his results : — 
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Bismuth 

. -301 

Cohnlt 

. -2*24 

Nickel 

. - 1*63 

German silver 

. - 1*26 

Palladium . 

. -0*82 

Mercury 

. -0*48 

Load . 

. -0*187 

Tin . 

. -0147 

Gas carbon 

. -0142 


. Platinum . — 0‘00 to 0'38 

! Zinc. . -002 to 004 

j Copper . 0 

1 Silvor . +0026 

j Cadmium . +0033 

; Iron. . +0-05 to 067 

Antimony +T4I 
, Tullurium +3005 


Tho figures mciin thousandths of a Danicll 
(1 Danicll = 1*1 volt), and tho negative sign indi- 
cates that tho positive current flows across the hot 
junction from the metal in question to tho copper — 
ir. that copper j iclds electrons to tho metals across 
the hot junction. 

Tho E.M.F. of any two metals may be obtained by 
adding up the figures for each, if of opposito signs, or 
subtracting them, if of the same sign. 

It will be seen at once that tho commoner metals 
have very poor thermo-electric effects. A zinc- 
copper thermo-couple has only a J 0 th of the K.M.F. 
possessed by a bismuth-antimony couplo, so that it 
would require 40.000 zinc-copper couplos to mako up 
an E.M.F. equal to that of a Danicll cell. 

The thermo-electric forco is, generally speaking, 
proportional to the difference of temperature botweon 
the junctions. The rise of tho thermo-electric forco 
with tho temperature is so constant and reliable that 
a system of thermometry by thermo-couples has 
been based upon it. But some couples, notably tho 
combinations with iron, show a gradual decroase of 
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the rise at highor temporatures, and at certain 
differences of temperature there is a zero thermo- 
electric force, or even a new force in the opposite 
direction. 

Licbenow has found an important relation between 
the thormal and electric conductivities which enables 
us to predict the thermo-electric force of a combina- 
tion of two metals with some certainty. Ho finds 
that the greater the conductivity for heat is in 
comparison with the conductivity for electricity, the 
moro freely do electrons pass out from a metal 
across a hot junction. He also finds that there is 
an E.M.F. generated within the metal itself which 
urges the electrons to proceed in tho direction in 
which heat is being propagated. This is just as we 
should expect. The E.M.F. of the thermo-couple is 
a differential effect, due to moro electrons being 
dragged along by tho heat in one metal than in 
another. If L is tho conductivity for heat and S tho 
electric conductivity, tho E.M.F. between two por- 
tions of the same metal kopt at two different 
temperatures, say at boiling-point and freezing- 

point, is proportional to y/y. This means that 

whatever affects the two conductivities also affects 
tho E.M.F. of tho metal concerned. Now we know 
that tho resistance of a metal increases with the 
temperature; that is to say, the conductivity 
diminishes as tho Lomporature rises. Hence the 

r 
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Above ratio will inereaso with beating, if the thermal 
conductivity remains constant. This is very gene- 
rally the case, and whatever may be the difference 
between two metals in thoir internal thormo-olectrio 
forces, that difference is, as a rule, exaggerated on 
further heating. But in some metals the difference 
tcuds to disappear on heating! or to bo reversed, and 
then the E.M.F. of the couple passes through a 
maximum, and then diminishes. 

To help us in our search for the ideal thermo- 
couple — an ideal which, once realised, would ho of 
the utmost practical importance - wo may say that 

what we want is two metals in which the ratio 

is as different as possible. For instance, ono »>f them 
might have a very high, and the other a very low, 
conductivity for heat in comparison with its electric 
conductivity. Antimony has a high, and bismuth a 
low ratio. 

Another desideratum is that l lie ratios of the two 
metals shall not tend to become e<pud as the tempera- 
ture rises. For then a point (called the “neutral 
point”) would he reached at which tho wandoring of 
the electrons would be the same in both directions 
away from tho hot junction, and none would traverse 
the junction. Thero would bo no electron current, 
and hence also no “ positive current.” 

The ratio depends essentially upon the energy 
of the carriers of thermal and electric enorgy in 
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proportion to their absolute temperature. The 
carrier of the electrical energy is the electron, having 
a mass ot 10~ n gramme, which we will call m. The 
carriers of thermal energy are both atoms and 
electrons. If they are mainly atoms, we may put 
their mass M at about 60,000 times that of the 
electrons. Finally, if T is the absolute temperature 
(i.e. 273 + the degrees centigrade), then we have the 
internal thermo-electric force in a metal proportional 

to -\™ M . Tho best thermo-electric effect would 

therefore be obtained by combining two metals 
differing in such a manner that this ratio would be 
great in one and small in another. Now that ratio 
is, as we have seen, small in bismuth. The mass of 
the carriers of heat is small. This means either that 
there are few atomic clusters, or that tho electrons 
themselves diffuse tho major part of tho thermal 
energy. In antimony, on tho other hand, the carriers 
of heat are mainly larger masses. There is more 
energy in a granuno of antimony that in a gramme 
of bismuth at tho same temperature. Honco the 
electrons, always tending to expend their energy 
as rapidly as possible, pass by preference into the 
bismuth. At tho cold junction, where the difference 
of energy is not so marked, the electrons must, 
perforce, return into tho antimony under pressure 
from tho hot junction, and so the circuit is 
completed. 



Till: KLIUTKoN TIIKOUY 


‘ 3 ? 

When, ou the other hand, an indopen lout current 
is sent across a junction from bismuth m antimony, 
the increased energy in the antimony is generated 
by absorption of heat at tho junction. 1’his is the 
l’cliier eli’ect. The cooling of the junction in its luru 
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generates a current in tho direction opposed to tho 
original current. This is an instance of tho well- 
known rule that whatever action an uloetric current 
may exert, that action acts contrary to tho current. 
To put it briefly, all acts of an electric current aro 
suicidal. 

To sum up, wc have throo thermo-electric ctfccls. 
Tho first, that discovered by Kcobeck, shows an 
electric current generated by tho unequal heating 
of the two junctions of two different metals. Tho 
second, that discovered by Peltier, shows tho cool- 
ing of a junction of two different metals, which, if 
heated, would produce a current in tho same direc- 
tion. When the current is roversod, tho junction is 
heated instead of being cooled. 

The third effect is known as tho Thomson or 
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Kelvin effect. It is really tho most important effect 
of all, the others being merely differential effects. It 
consists in the transportation of electricity with a 
current of heat, and vice versd. An ingenious 
experiment for exhibiting this effect has been 
devised by Lo Roux. A current is sent through 
throe bars of copper, placed as shown in the figure. 
The junctions on tho right-hand side are heated, 
while the other ends are cooled. There can be no 
Seobeck effect, as the metal is everywhere the same. 
But in one bar tho electric current goes from cold to 
hot, in the other from hot to cold. In one bar it 
opposes tho heat current, in the other it aids it. As 
a consequence, tho heat travels faster in one bar 
than in the other, and disturbs the oven flow of 
the electric current. A galvanometer connected as 
shown, and made to show no deflection when the 
junctions aro all at the same temperature, shows a 
permanent deflection when heat is applied, thus 
indicating that a current has been diverted into it. 



CHAPTER VT 

VOLTA 1 C ELECTR 1C ITT 

Under the name Voltaic Electricity aro comprised 
a number of phenomena which depend upon differ- 
ences in the behaviour of bodies towards electricity 
apart from effects of temperature, magnetism, and 
other factors. 

These phenomena aro connected with the most 
intimate internal structure of the elements, and are 
therefore of great variety, and of sonic uncertainty, 
being often profoundly affected by surface conditions 
and by slight impurities. But in the hundred years 
since Volta discovered contact electricity, much has 
been done* in the way of establishing the general 
principles which underlie the phenomena, and which 
indicate their connection with chemical reactions. 

Elect ri fit'ii fin */ 1 In/ Contact . — The fundamental fact 
discovered by Volta in 171*7 is that when a piece of 
zinc touches a piece of copper, a spontaneous chargo 
of both metals takes place, the zinc being charged 
positively and the copper negatively. 

Since the combination of the two metals exerts 
no electrical force at a distance, the positive electri- 
fication of the zinc must be exactly equul to the 

*34 
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negative electrification of the copper. This, when 
stated in the language of the electron theory, 
amounts to saying that a certain number of electrons 
have passed across the point of contact from the 
zinc to the copper. When the metals are separated, 
their charges become moro evident, being no longer 
neutralised by each other. The charges can be re- 
moved by connecting the metals to ear*b In other 
words, when the metals aro connected with, say. a 
water-pipe, electrons pass from the earth into the 
zinc, and from the copper into the earth, until 
copper, zinc, and earth are again at the same 
potential. The process can then he repeated in- 
definitely, always with the same result. 

Wo may state tho result by saying that copper 
exerts a greater attraction upon electrons than zinc. 
Hence, when electrons pass from zinc to copper, 
work is done upon them, just as it is done upon 
them when they pass from a negatively to a posi- 
tively charged body — i.r, from a body having an 
excess of electrons to a body having a deficiency of 
electrons. There is thus a natural or inherent differ- 
ence of potential between them, which only comes 
into operation when they are brought into contact, 
and which then loads to the passage of electrons 
from the zinc to tho copper. This passago con- 
tinues until the positive charge of the zinc and the 
negative charge of tho copper become so large that 
the potentials due to them just balance the natural 
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difference of potential. The potential due to the 
newly acquired charges thus forms a measure of 
the natural difference of potential, and is called the 
« contact potential” between tho two metals. This 
contact potential is found to be constant for the 
same two specimens, subject to slight fluctuations 
with temperature and surface condition. It amounts 
to about three-quarters of a volt in the caso of ordi- 
nary commercial copper and zinc. This moans that 
when one “ company ” of electrons (is. ono electro- 
static unit of negative electricity) passes from 
originally uncharged zinc to uncharged copper 
across the junction, tho amount of work done 
upon it. and frittered away into heat, is 4 J„th of 
a dyne. 

The larger tho surfaces of tho metals, and tho 
smaller their distanco apart, tho larger is their 
“capacity” (p. ;iS) regarded as a condenser. Uenco 
also tho larger is tho amount of oloetricity which 
must pass in order to bring up tho difference of 
potential to the amount required to balance tho 
natural difference of potential. Therefore, although 
the contact potential is a constant quantity, the 
actual charge of the metals depends upon their 
dimensions and upon tho intimacy of their contact. 
This fact sheds considerable light upon electrifica- 
tion by friction, where tho rubbing of one body over 
another increases the charge of each. 

We must next endeavour to account for the fact 
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that zinc has a greater tendency than copper to get 
rid of its electrons. 

We have seen above (p. 110) that metallic atoms 
have a tendency to get rid of one or two electrons 
each whenever they can find a non-metallic atom 
ready to take up the electrons they themselves can 
spare. 

When zinc is immersed in a dilute "'dittion of 
one of its own salts — say, zinc chloride — the atoms 
of the zinc have a powerful tendency to pass into 
the liquid as positive ions. In endeavouring to do 
so, they must somehow dispose of their superfluous 
electrons. The zinc atoms already in solution are 
unablo to tako up electrons without neutralising 
and precipitating themselves, while the chlorine 
atoms are already in charge of the electrons given 
up by the dissolved zinc. The only alternative re- 
maining is, therefore, to leave the electrons behind 
in the mass of the metal, which is thereupon charged 
negatively. Even when this negative charge is re- 
moved by connection with earth, tho solution of the 
zinc cannot proceed much further, since the accumu- 
lation of positive zinc ions in the liquid charges 
the liquid positively, and thus prevents any further 
positivo atoms from entering it. The positive charge 
of the liquid can bo measured, and when that is 
done, it represents a measure of tho strength of the 
tendency of zinc to give up its electrons and go into 
solution. This tendency is called the “solution- 
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pressure” of the zinc. It is very similar to the 
“vapour pressure" of a liipiid, and liko it, it can 
be measured in atmospheres. Tho solution-pressure 
of zinc is enormous: it is about a trillion atmos- 
pheres. That of copper, in copper sulphate, is very 
small, being about a irillionth of an atmosphere. 
No wonder, then, that when* copper and zinc are 
brought contact, the eagerness of the zinc to 
dispose of its electrons should exhibit itself in the 
extrusion of electrons from tho zinc into tho copper, 
thus producing the phenomenon observed by Volta. 

Tho facility with which zinc loses its electrons is 
shown in a striking manner by somo recent experi- 
ments of Fuoohtbauer. He produced a stream of 
“canal rays,” or positive gaseous ions, in a vacuum 
tube, and let that stream impinge upon various 
metals. He found that the metals, which wore 
platinum, silver, copper, zinc, and aluminium, all 
gave off electrons under tho impact of tho canal 
rays; but that the electron current from tho copper 
was to that from the zinc in the ratio of 128 to 
102. A still greater current (:*0o) was obtained 
from aluminium; but the behaviour of this metal 
depends very largely upon its surface condition. 
When polished with oil and pumice, it is more 
positive than zinc, and therefore gives off electrons 
still more easily; when cleaned with water and 
dried in air, it is less positive than zinc. 

Another set of phenomena which go to explain 
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contact electricity is that of discharge by ultra- 
violet light. This remarkable phenomenon, dis- 
covered by Hertz, and studied in detail by Elster 
and Geitel, Stark, and others, consists in the spon- 
taneous discharge of a negatively charged body 
when illuminated by ultra-violet light. It may be 
exhibited as follows:’ A well-cleaned zinc plate is 
mounted vertically, and exposed at shdlTi .ange to 
the light of an arc lamp or an intense electric spark, 
both of which contain abundant ultra-violet rays. 
The zinc plate is connected with a sensitive electro- 
meter. This then indicates a positive charge after 
a short time. This gradually increases, and may 
reach 30 volts if air is blown against it, in order 
to remove the expelled electrons to a distance. This 
shows that the zinc plate has given off negative 
electricity — i.r. electrons. The conclusion is con- 
firmed by sucking the gas near the plate through 
a metallic tubo containing a plug of glass wool 
at the other end. The tubo becomes negatively 
charged, owing to the absorption of the electrons 
by its wall. 

If the zinc plate is negatively charged to begin 
with, it loses its charge very gradually in the dark. 
But, if an earthed piece of copper or brass wire 
netting is placed over it, and it is illuminated with 
ultra-violet light through the network, the charge is 
rapidly dissipatod. A positivo charge is not affected 
in this manner. If the copper netting is connected 
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through a galvanometer ami a battory with the zinc 
in such a manner that the zinc is negatively charged, 
the galvanometer indicates an electron current 
passing steadily from the zinc to the copper and 
back through the battery as long as the illumination 
is kept up. 

Such a current is called a "photo-electric current.” 
Similar louts are exhibited by other inolals 

besides zinc; but in copper and platinum, for 
instance, they aro extremely feeble, owing to the 
tenacity with which they retain their electrons. 

Volta arranged a number of metals in a series 
in such a manner that any metal combined with 
any other metal further on in tho series would lie 
positively charged. Tho Volta scries is: Zinc, lead, 
tin, iron, copper, silver, gold. He found, further, 
that the contact force between any two of them was 
equal to the sum of the contact forces of the inter- 
mediate pairs. This is fairly obvious, since the drop 
of potential in passing from ono metal to a second, 
and from the second to a third, must be equal to the 
rise of potential in passing from tho third back to 
the tirst if thero is to bo conservation of energy. 
Otherwise an electron, hy passing round in this 
manner, might he ntado to gencroto onorgy con- 
tinuously out of nothing. 

A more comploto voltaic series is that givon by 
Hankel as follows : Aluminium, zinc, cadmium, 
lead, tin, antimony, bismuth, Qermun silver, brass, 
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mercury, iron, copper, gold, palladium, silver, coke, 
platinum. 

Thai tlxo voltaic series is determined by the ease 
with which tho metals lose electrons is proved by the 
fact that tho same scries governs — 

(<») The solution pressure of a metal immersed in 
a solution of one of it!? own salts ; 

(6) Tho photo-electric current from a- •octal: and 

(e) Tho electron current from a metal when ex- 
posed to canal rays. 

It may therefore be taken that tho contact force 
between two metals, about which physicists have 
been contending for a hundred years, is now reduced 
to a simple principle, and that any further ex- 
planation must toll us why some metallic atoms 
hold electrons moro firmly than others. A highly 
ingenious explanation of this has recently been 
attempted by J. J. Thomson, on the basis of the 
equilibrium of various configurations of electrons em- 
bedded in a sphere of positively electrified matter. 1 
For the present, wo will take tho different attractions 
oxerted by different metals upon tho electron for 
granted. 

Contact electrification is not confined to metals, 
but is practically universal, not only between dis- 
similar bodies, but between tho same bodies having 
a slight difference of structure or surface conditioa 
We have alroady seen that a kind of contact E.M.F. 
exists botweon two portions of tho samo body which 

1 See “ Electrcity amt Matter,” by J. J. Thomson. 
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are at ditVomit temporal hits, the only difference 
being that the difference of temperature lms to 
be artificially maintained. 

Non-conduetors also exhibit decided contact 
forces. Tliey may be determined by mounting them 
between ditVerent metals. Thus, when paratiin-wax 
is poured between plates of copper and zinc, the plates 
acquire a certain diflerenee of potential, ^hieh repre- 
.seiits t lie sum of the eoutaet forces bet ween copper 
and paiutlin, and paratlin and zinc respectively. 

Fr'tr'nneil Kb rt rid f if. — That, frictional electri- 
fication is simply a l»»rm of voltaic, electricity i.s 
evident from the fact that the electrification by 
friction is of the same sign as the electrification 
by contact. Hut frictional electrification is even 
more sensitive to surface conditions than contact 
electrification, no doubt because the intimacy of 
contact is much greater. The greater intimacy of 
contact, by increasing the capacity of the two bodios, 
also increases the charges thoy acquire through the 
same difference of potential. Theso charges may 
be very high, and are confined to smaller areas 
in non-conductors than in conductors, owing to the 
fact that the latter distribute the charges uniformly 
over their surfaces. Hence it may happen that 
when two non-conductors are separated after being 
rubbed together, the charges aro very strong, and 
load to sparking and spluttering. This circumstance 
explains why electrification by friction was the first 
from of electrification discovered. 
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Attempts have boon made to arrange substances 
in a series corresponding to Volta’s scries, in such 
a maimer that any one of them, rubbed against 
any subsequent 0110, is positively electrified. The 
series given by Faraday is the following: Catskin, 
flannel, ivory, quill pens, rock crystal, flint glass, 
cott<>n, canvas, white «ilk, the hand, wood, lacquer, 
metals (iron, copper, brass, tin, silver, platinum), 
sulphur. 

It appears from this series that all metals lose 
their electrons less easily than most of the sub- 
stances above enumerated. But. caoutchouc, sealing- 
wax, sulphur, eollodium, and guncotton are still 
more retentive of electrons, and therefore become 
negatively charged oven by friction against silk. 
Gaugain has arranged the metals in a frictional 
series which corresponds closely to Volta’s contact 
series. 

The Galvanic Cell . — In all these contact electri- 
fications there is no passage of one material into 
another. It is the electrons alono which pass, and 
the substance which loses electrons most easily 
becomes positively charged. But an entirely dif- 
ferent state of things arises when a metal is 
immersed in a liquid capable of dissolving it. In 
this case it is the dissolved metal, and not the 
solid lump, which loses electrons in order to form 
hydrated ions, and as a general rule the olcctrons 
are galherod up by the lump of metal, which 
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thereby becomes negatively charged. The greater 
the solution pressure of the metal, and the greater 
its tendency to lose electrons, the greater will 
therefore be the number of electrons accumu- 
lated by the metal itself. This result appears 
strange until we realise that the zinc i«>ns are the 
result of a clustering of thb solvent round the 
zinc atoms a clustering which means a loss of 
energy. Since the clustering, as wo have seen, 
can only take place if the zinc atom is charged, 
and the zinc atom is incapable of taking up an 
extra electron, it must lose one or two electrons 
in order to get charged. Work must he done in 
order to draw the positive zinc atom out of the 
negatively charged metal, and the energy necessary 
for this work is furnished by the clustering of 
the molecules of the solvent. When, besides the 
zinc, another metal, say copper, is immersed in 
the same solvent, it may happen that the solution 
pressures of the two metals diller very widely. 
In that case the zinc will be much more highly 
charged with cloctrons than the copper, and if 
metallic connection is established between them, 
an electron current will pass from the zinc to 
the copper. In the older languago this means 
that a current or “ positive current " passes from 
the copper to the zinc. The passage of the ourrent 
will continue until the excess of electrons is drained 
out of the zinc; but, as long as the zinc atoms 
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go on dissolving and giving up electrons to the zinc, 
a steely current will be maintained. 

Take the easo of an elementary galvanic cell, con- 
sisting of a plate of copper and a plate of zinc 
immersed in dilute sulphuric acid, and joined by a 
wire outside the liquid. The liquid consists of water 
molecules, acid molecules, H 2 S0 4 ; positive ions, H; 
and negative ions, S0 4 . Zinc atoms are constantly 
going into solution, and giving up their electrons to 
the zinc from which they issue. These electrons, 
flowing round the outside circuit into the copper, 
neutralise the 11 atoms in the neighbourhood of the 
copper, and liberate tlio hydrogen from the liquid 
in the form of bubbles. Thus, zinc disappears into 
the liquid on one side, and hydrogen loaves the 
liquid on the other side. Uoth zinc and hydrogen 
are positively electrified atoms, and we, therefore, 
have hero a material “ positive current,” which, 
however, is only really in existence in the layers 
nearest to the electrode. The really continuous 
current in tho outsido circuit is the electron current. 
It is the only thing that moves in the wire. 

All electric batteries work ou the same principles 
as those above set forth. They only differ in the con* 
trivances made to increase the difference of solution 
pressure, to facilitate the exchange of electrons, to 
reduce the resistance of the liquid, to insuro the 
long continuance of the current, and to increase the 
convenience and economy of practical working. 

K 
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l> to t lie present wo havo only considered such 
tiiii tual forces of electrons as are playing hot ween 
litem when at rest. We have seen that one eleo 
tron repels another placed near it at a distance of 
one eontimetm with a force of 1'lfixlO u> dynes, 
whatever material may intervene between them. 
Tlie same force is exerted between two neutral 
atoms when they are deprived of one electron each, 
and thereby converted into “ positive atoms.” On 
t ho other hand, an electron alt rafts a positive atom 
with the same force. 

These three forces aro called electrostatic forces, 
because the electric bodies are at rest. Wo now 
proceed to consider the forces brought into play 
when the electric bodies are in motion* 

When two electrons travel side by side through 
the ether, some of the repulsive force between them 
apparently disappears* The amount of repulsive 
force disappearing depends upon the volocity; it 
increases in direct proportion with the velocity, and 
when the electrons move with the velocity of light 

*46 



ELECTRO-DYNAMICS 


147 


tho repulsive force disappears entirely, and the two 
electrons ceaso to exert any action upon each other. 

Tho same change of force takes place when two 
positive atoms travel side by side through the ether. 

Both these facts may be stated more clearly by 
saying that two electrons or two positive atoms (or 
similar charges of any kind) travelling side by side 
through the ether exhibit a mutual attraction which 
increases with tho velocity, and which balances their 
electrostatic repulsion as soon as they travel with 
the \ elocity of light. 

When an electron and a positive atom travel side 
by side through the ether, their original attraction is 
balanced by a mutual repulsion, so that again, when 
they travel with tho velocity of light, they exert no 
mutual force. This implies that when a neutral 
atom travels so fast as to nearly approach the 
velocity of light, it becomes incapable of retaining 
its electrons, and becomes “ ionised.” 

Tho facts form the basis of all the phenomena of 
electro-dynamics, of magnetism, and of induction. 

The forces due to the steady motion of electrons, 
positive atoms, or charged bodies through the ether 
are called magnetic forces. 

Take a long copper wire, 1 mm. in radius, stretch 
it across the room, and send a current of 1 ampfere 
through it. What is the magnotio force due to tho 
steady motion of its electrons ? 

In tho first place, we must know somothing of the 
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velocity with which the electrons are travelling 
through tho wire. They travel in a direction 
opposite to what was hitherto callod “tho electric 
current.” They travel from tho zinc to the copper 
of a cell, or generally from the negative to tho 
positive-pole. Tlioro is no perceptible displacement 
of tho positive or neutral copper atoms. They are 
firmly packed together, and cannot migrato, whereas 
the electrons thread their way between them and 
progress with a steady average speed, which is 
directly proportional to the electromotive force 
which drives them. Their motion constitutes the 
real electric current, and produces all the heating 
and magnetic effects which wo associate with an 
electric current. 

The passage of one ampi>ro across any section of 
a wire means tho passago of an “ army ” of 8'79 
trillion electrons across that section every second 
(p. 90). This number of electrons, which, in order 
to emphasise the atomic conception, I have called 
an “army,” is usually called a “coulomb" of 
negative electricity. It contains 3000 million “ com- 
panies” or electrostatic units of olectric quantity. 
One “company” contains 2930 million electrons. 
Wo may therefore say that an electric “army" 
contains about as many companies as the company 
contains men. 

Let an army of electrons tiavorse tho point A in 
the conductor All. It takes one socond to pass in 
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review at A. Wo want to know where its scouts 
will be by the time the rearguard has arrived at A. 

In order to determine this, we simply have to 
find what length of the wire contains an , 
army of electrons available for convey- ♦ 
ing electricity. We have estimated the 
number of available electrons in 1 cubic 
centimetre of copper at 380 trillion (p. 90). | 

An army of 8-79 trillion is therefore con- 

8 '^9 

tained in every cc. or 0 023 cc. of 
copper. 

Sinco the radius of tho copper wire is j" 

1 mm. its area is OObr sq. cm., and its Fu) ^ 
volume per cin. length is 0*0l7r cubic 
centimetres, or 0*0314 cc. ; therefore tho length of 
copper required to contain an army of movable 

electrons is = 0723 cm. 

U*U«5 L 4 

Ilenco, by the time the rearguard passes A, the 
vanguard is 0 723 cm. ahead, and the rearguard will 
reach tho same spot one second afterwards. In 
other words, tho speed with which the army marches 
is 0-723 cm. per second. 

This is the velocity of the electrons in a copper 
wiro 2 mm. in diameter, carrying a current of 1 amp. 
Doubling tho current means doubling the speed 
of the oloctrons, and, therefore, quadrupling their 
energy which varies as the square of tho speed, 
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and quadrupling tho heating. Doubling (ho re- 
sistance while the current remains the same also 
means doubling the speed; but since the number 
of electrons per unit length is halved, it only means 
simply doubling the heat evolved per unit length 
instead of quadrupling it. (Joule’s Law.) 

The magnet,!/' force does not depend in any way 
upon the resistance of the wire, but simply upon the 
number and speed of the electrons — i.e. upon their 
momentum, in v. 

The magnetic force may be tested by means of 
a small magnetic needle which sets itself at right 
angles to the current. That is the old familiar way 
of measuring a current. But in theso articles wo 
must proceed differently. Magnets, magnetism, and 
magnetisation are all to be reduced to the distribu- 
tion and motion of electrons. A magnet is a highly 
complex system of spinning electrons. There is 
nothing fundamental about it. Tho fact that the 
electromagnetic system of units is biiscd upon the 
definition of a unit magnetic pole simply exhibits 
the dire straits to which the older theories were 
reduced when brought face to face with magnetic 
force. The magnetic polo, being a thing whose true 
nature was unknown, had to be regarded as an 
elementary thing, not reducible to any other known 
principle, just as water was considered an element 
before Cavendish analysed it. Electric currents were 
measured by magnets, instead of vice verad. In 
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tho future science of electricity the magnetic pole 
will play a very subordinate part. 

Ilow, then, can wo measure the magnetic force 
due to the electrons moving in the wire ? 

It is evident that tho electrons alone produce 
tho magnetic force ; for the positive atoms are at 
rest. They are equal* in number to the electrons, 
and therefore the wire has no electric charge as 
a whole. The magnetic forco cannot bo discovered 
by means of a charged electric body at rest, since 
the magnetic force acts only between bodies when 
they both move relatively to the ether in the same 
direction. They must have an absolute motion 
through tho ether. Relative motion is not sufficient. 
When one charged body moves through the ether 
while tho other is at rest, no magnetic force is 
exerted between them. The ether, in the electron 
theory, is supposed to be absolutely at rest. It 
forms the standing ground from which all motion 
may be measured in absolute terms. There is, 
therefore, in the electron theory such a thing as 
absolute motion, and it is this that determines 
magnetic forco. Tho greatest absolute motion 
with which wo are brought into practical dealings 
is that of the earth round tho sun, which is 
3,000,000 cm. per second, or 19 miles per second. 
This is only Yajosth of the speed of light, so that 
two charged bodies placed at noon in a line at 
right angles to the sun’s rays in the meridian plane 
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would only lose O'Ol por cent, of their attraction 
for each other, whereas they would not do so if 
placed east and west. The experiment may be 
tried some day. but the difficulties' aro very groat, 
sineo the charge on a conductor is easily dissipated 
by tho ions of the air, and the sources of error aro 
considerable. 

Tho fact that we can discover magnetic force, even 
if tho electrons aro moving with tho small velocity 
of about 1 cm. per second, is duo to the onormous 
quantities of electricity sot in motion in a wire — 
quantities which we can never hopo to obtain 
separately. Whatever magnetic foreo tho electrons 
may exert owing to tho earth’s 
motion is compensated by the 
magnetic force oxorted by tho 
posilivo atoms, owing to tho 
earth’s motion. The one force 
exactly balances the other, and 
tho only force remaining is that 
of tho electrons relatively to tho 
positivo atoms— i.e. relatively to 
tho wire itself. 

This is how it comes about 
that wo may, for magnetic pur- 
poses, regard tho ether as fixed to tho earth, so 
long as we aro not dealing with bodies possess- 
ing a free chargo. Tho magnetic force l>otween 
two moving electrons varies inversely as the 
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Fig. 21. 
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square of tho distance. Tho magnetic force exerted 
by an infinitely long wiro containing moving elec- 
trons upon an olcctron moving parallel to the wire 
is simply inversely as tho distance. For lot there 
bo an electron at « (Tig. 21), moving parallel to 
tho wiro A B, and lot da bo a small portion of 
tho wire. Tho magnetic force exerted upon e is 

proportional to , since tho electron is not moving 

along da. Tho total force oxorted by the portion of 
tho wire above A in the direction of r is proportional 

to *, where i is tho current and r the distance. A 

similar forco is exerted by the wiro below A, so that 

2 i 

tho total force is proportional to — . The magnetic 

forco round a wire, therefore, decreases simply as the 
distance increases. It may bo measured by bringing 
another current % within r centimetres of the wire. 
Then tho force of attraction exerted upon 1 cm. 
of the wire carrying the current i' by the infinite 
wire carrying tho current i is 
2 1 »' 

dynes. 

If both i and i' are 10 amperes, and r is t centi- 
metre, the forco is 2 dynes. Hence a current equal 
to 10 amperes is called the “ electromagnetic unit of 
current strength.” It is ten times tho practical 
unit, tho ampere. 

In practice it is impossible to realise either an 
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infinite wire or a current element. Wo must there- 
fore find a more practical method of d< tor mining 
the ampere. 

Tako two wires, each 100 cm. long, and bend them 
into circles. Mount them facing each other in 
planes 1 cm. apart, and lot them bo 
traversed by a* current of 1 ampere 
each. This can bo secured either 
by inserting a small battery some- 
where in each circle, or connecting 
them with a battery by means of a 
short break in the circle. If the 
two currents then go in the same 
direction, they will attract each other 
with a force of 2 dynes. If t hey go 
in opposite directions, they will repel each other 
with tho same force. 

Hence we arrive at tho following definition of the 
ampere, which is quite independent of magnets : - 

Au ampere is that current which, when traversing 
two circular conductors l m. in circumference in the 
same direction makes them attract each other with 
a force of 2 dynes when separated by a distance of 
1 cm. 

More generally, the attraction between two cir- 
cuits is 

2 c i % 
d 

where c is the circumference in metres, i the current 
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in amperes, and d the distance between the circles in 
centimetres. 

We thus have two definitions of the arnp&re, one 
as the passage of 8'79 trillion electrons per second, 
which may ho called the chemical definition, and 
the other as the current which exerts a certain 
magnetic force, thirf being tho ^electromagnetic 
definition of the same quantity. Both definitions 
are consistent and identical ; but of tho two the 
chemical definition is the more fundamental It 
should be remembered that currents can be mea- 
sured with the greatest accuracy, not by their 
magnetic force, but by the passage of their elec- 
trons through a liquid, as in the electrolysis of silver 
nitrate or copper sulphate. 

If tho current were increased to such a pitch that 
the electrons travelled through the wire with the 
velocity of light, tho attraction would be such that 
it would counterbalance the enormous repulsion 
exerted between tho 138 armies of electrons in 
each circuit, which is masked by the presence of 
tho positive atoms. 

The fact that the forco varies inversely as the 
distance shows that tho two circuits will tend to 
approach each other with increasing force, and will 
ultimately coincide. When one circle is a little 
smaller than the other, the maximum attraction is 
at a distance equal to tho difference of their radii. 

In every case the magnetic force is at right angles 
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to the cumin. At any point in space tin magnetic 
force may be measured in dynes by the maximum 
force experienced by 1 cm. length of a wim carrying 
unit current. 

Thus the magnetic tmve at the cci tie ot a 
circle due to a current passing through the circum- 
ierein 0 is 



r 


This formula is the foundation of the mum*. 11 re <>f a 
current hy means «»f a small magnet. 

When a lmiu f cylinder is wound with win* carrying 
a current i . the magnetic force inside it is every- 
where the same, and is e*pial to I 1 mi where n is the 
number of turns per centimetre. Such a cylinder is 
called a solenoid. It forms an artificial magnet 
without iron. 

The inaoin-tic force duo to a long wire carrying a 
current of one ampere is \ dyne at a distance ot 
1 cm. from it. The force is about the same as the 
earth’s horizontal magnetic force. It is tho force 
experienced by 1 cm. length of a wire carrying a 
current of 10 ampfcres when placed at a distance 
of 1 cm. from the first wire. 

When two currents cross each other at an angle, 
they tend to coincide with each other and How side 
hy side in tho same direction. Currents Bowing 
from or towards the same point attract each other. 
If (Fig. 23, a) the current i were fixed and 1 movable, 
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tho latter would be pullc<l round iu the direction 
of tho arrows. If at the instant of crossing i the 
current i' could bo reversed, it would be repelled and 
twist, d round into tho opposite direction. By revers- 
ing it at every crossing a continuous rotation could bo 
produced, and a machine has been made to do this. If 
(Fig. 215, b ) i' were only free to move at right angles 



a b 

Kit) 23. 

to itself, it woidd be Urged in the direction of 
the arrow. If i is bent into a horizontal circle, and 
i' is movable along it, it will rotate continuously, as 
it does in a machine devised by Ampere. 

We havo dealt with tho electrons moving in 
wires as tho most practical cases of electro-dynamic 
attraction. But the attraction can also bo observed 
with free electric chargos. If a number of metallic 
knobs are mounted on an ebonite wheel and charged 
and the wheel is set rotating, the charges form a 
current of strongth n e v, where e is tiro charge of 
each knob, expressed in “ armies ” or coulombs, n is 
the number of knobs, and v is their velocity. Thus 
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if there arc 1000 knobs charged with "*00 companies 
of electrons each (10 T army), ami the rim velocity 
is 100 cm. per second, the current is 10n x 1000 
xtO\ or ^ (V ampere. Currents of this order have 
been obtained by Rowland by rotating a disc with 
charged soctors. Two such wheels or disea attract 
each other just as currents. in wires would; but 
the attraction *bcing of tho ordor of a millionth 
of a gramme, is almost immeasurably small. 

Electrons also influence each other when flying 
free, the magnetic force between them being pro- 
portional to their instantaneous velocities, and in- 
versely proportional to tho square of tho distaneo 
between them. If they are moving in parallel lines 
but not abreast, the force must bo multiplied by tho 
sine of the anglo between their direction of motion 
and tho line joining them. If they aro flying in 
dilferent directions, the force must bo multiplied by 
the cosine of tho angle between their directions of 
motion. 

The forces between moving electrons aro thus 
perfectly determined. They consist of tho electro- 
static force, which may bo regarded as invariable, 
and the electro- magnetic forco, which depends 
upon their speed and direction. A eloar grasp of 
the play of these two forces is tho first essential 
step towards an understanding of electro-magnetic 
phenomena. 



CHAPTER VIII 


MAGNETISM 

• 

We saw in the last chapter that magnetic force is 
due to the steady motion of electrons or charged 
bodies generally ; but that the magnetic force exerted 
by a metallic conductor carrying a current is due 
sololy to tho motion of the electrons which constitute 
that current. Wo saw, also, that magnetic force is 
only exerted on other moving electrons or moving 
charged bodies, but not on electrified bodies at rest. 

I now intend to show that all magnetism consists 
in tho steady motion of electrons in small orbits, and 
that all magnetic properties of bodies can bo ex- 
plained on this principle. By “ magnetism ” I mean 
that property whereby bodies exert magnetic force 
without any discoverable electric current traversing 
or surrounding them. 

In broad outlines, the electron theory of magnetism 
is as follows : Tho atoms of all bodies arc surrounded 
by several electrons describing orbits round them, 
liko tho planots round tho sun. When theso orbits 
are nearly in tho sauio piano, as in the Solar System, 
tho bodies are “ magnetic," or rather “ paramagnetic,” 
like oxygon and aluminium. When, in addition, the 

«S9 
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orbits aro largo enough to influence each other across 
tho average distanco separating the atoms, tho bodies 
aro “ ferromagnetic,” like iron, cobalt, and nickel. 
When, on the other hand, the orbits of tho electrons 
revolving round tho saino atom lie in various planes, 
the boilies aro not paramagnetic. They aro usually 
described as *■ diamagnetic.” 15nt in reality all bodies 
are diamagnetic, and paramagnetism is a sjtecial 
property which masks tho inherent diamagnetism 
of the bodies. A permanent magnet is a para- 
magnetic body in which the orbits of the majority 
of the electrons lie in parallel planes, with tho re- 
volutions in tho same sense, anil this parallelism is 
maintained by the mutual attraction of tho orbits. 

Such, in short, are the main principles of mag- 
netism according to tho now theory, which owes its 
successful application to magnetism chieily to l’rof. 
Langcvin, of Paris. 

There is no “ magnetic fluid,” no “ l'ruo magnetism,” 
no “magnetic polo.” In tho electron theory, mag- 
netism as a distinct entity disappears, being resolved 
into the steady motion of electrons. Thus passes a 
conception which lias given rise to more misunder- 
standings and false speculations than perhaps any 
other in tho history of science. 

I explained (p. 150) that an artificial magnot with- 
out iron may bo constructed by coiling a wire on a 
cylinder, and sending a current through it. If tho 
current in the wire is one elcctro-magnetic unit ( = 10 
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ampdres), and these are n turns for every centimetre 
length of the cylinder, the magnetic force at the 
Centro of the coil is 4 *• n dynes. In other words, if i 
is the current and n the number of turns, the total 
current circulating round each centimetre length of 
tho solenoid is n i. This total current per unit 
length we will denote *by I electro-niagnct units or 
10 1 amperos. It its identical with what in known 
an the intensity of magnetisation I. 

A body has unit intensity of magnetisation if a 
total current of 10 amperes circulates round unit 
length of it, tho length being reckoned in the 
direction of the magnetic axis. 

We will now proceed to explain how a permanent 
magnet may bo regarded as a body round which an 
electron current is steadily circulating. 

Tho idea that a magnet is made up of innumerable 
smaller magnets of molecular dimensions is some 
eighty years old. It was put forward by Ampere to 
explain tho fact that however much a magnet is 
broken up, each fragment is a complete magnet. 
Knowing that an electric current attracts or repels 
another, according to its direction, he assumed that 
oach moleculo of a magnetic substance was sur- 
rounded by an electric current. Still, regarding 
olectricity os an imponderable fluid, ho was unable 
to say what constituted that mystorious molecular 
current. No further light was shed on this matter 

until tho advent of tho eloctron theory, although the 

L 
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conception of molecular currents was uj >| with 
much success to magnetic phenomena by Weber, and 
later by Ewing. 

Ampere furnished an ingenious and suet essful ex- 
planation of how a largo number of small molecular 
currents could make up a large magnet. 

If the molecules were square in section and packed 
close together, and each molecule had a current 

circulating round it in 
the direction of the 
hands of a watch, then 
a small section across a 
magnetic needle, greatly 
magnified, might be re- 
presented by t ho diagram 
(Fig. 24). Wherever two 
molecules join, there are 
two currents in opposite directions, which, of course, 
neutralise each oilier. It is only the currents on 
the tree sides ot the molecules that exert any 
magnetic often* outside the magnet. The net 
efb'ci is, therefore, as if a current equal to the 
molecular current circulated round the outline of 
the section. It is obvious that, whatever section is 
taken, whether including a largo or small number of 
molecules, the current round the outline is always 
the same, being equal to the molecular current, 
which is invariable. 

For Ampere’s mysterious molecular currents, let 


t i'* i|t nt 4* j|t ilt ilt i| 

t i:t n t|t i|i i|t u tit ij 

i i; i it it tit it i|i it n 

* i* ilt it i|t it i|t it i 

Km. 24. 
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us now substitute revolving electrons, or, rather, let 
us define the molecular current its a convection of 
electricity in the shape of electrons revolving round 
each positive atom. 

The above reasoning remains substantially the 
same. True, the electrons do not describe square 
paths ; but tho error introduced by regarding their 
paths as square is not great, and tho convenience of 
calculation is considerably enhanced. As before, it is 
only the electrons circulating in the outline that 
count for external magnetic effect, and tho current 
round the section is equal to the molecular current, 
which, in amperes, is equal to the number of armies 
of electrons passing any point of the outline in one 
second. 

This theory can be tested quantitatively as follows 
The calculation is only roughly approximate; but 
although several of the data are uncertain, it shows 
that the electron theory of magnetism leads to no 
absurdities when reduced to figures. 

A cubic centimetre of iron is supposed, with good 
reason, to contain about 10'-* (one quadrillion) atoms. 
If there aro 10" atoms ranged along ono edgo of tho 
cube, tho total number in tho cube will be 1 0- 4 . Let 
oach atom liavo ono electron revolving round it, and 
lot all tho circuits face one of the sides of tho cube. 
Thon an eloctron current will circulate round the 
four adjacent sides. Tho molecular current, reckonod 
in electrons por second, is measured by the number 
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of revolutions per second of the electron round its 
atom. This, as estimated on p. 32, is 2’2 x 10 W . 
Multiplying this numbor by 10 s , the nuuibor of atoms 
along one edge, wc got for the total electron current 
circulating round tho cubo (in other words, for its 
'■ intensity of magnetisation ”) tho figuro 

*2*2 x 10 l * x 10* — 2*2 x lu” 


rlo<Mr«*ns per seouid. Sime on v ampere is a current 
of S*Ti* x lu ,s electrons jh i* second, tliu above current 
in amperes is 


2 2 x lo 

a io w 


2~>,H K> UttljK lVN. 


It ami.'! incredible that an enormous current 
like that should circulate round a bit of iron the 
thickness of one’s linger without making it burst 
into flame, lint, then, we must remember that 
the current does not beat a wiro beeauso electrons 
move in it, but because their motion, acquired 
under electric force, is stopped by collision every 
now and then. In magnetic metals the electrons 
are free to rovolvo, and in doing so they spend very 
little energy. 

The greatest intensity of magnetisation hitherto 
actually observed is 1 700 units, meaning that a current 
of 17,000 amperes circulates round each contimotro 
length of a bar of iron magnetised to saturation. 
Tho agreoment between these two figures — viz. 
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25,100 amperes for absolute theoretical saturation, 
and 17,000 for the highest saturation practically 
attained — is remarkably good. But too much im- 
portance should not be attached to it. The calcu- 
lation is only intended to show that the electron 
theory accounts for magnetism quantitatively as well 
as qualitatively. To calculate the magnetisation 
of different substances we shall have to know more 
about the number of revolving electrons per atom, 
the speed of revolution, and the size of their 
orbit. 

I havo supposed in the above calculation that 
only ono electron revolves round each atom. This 
is on a par with the observation that every atom 
is only capable of losing ono or two, or at most not 
more than threo, electrons. Hut it does not follow 
that the atom only contains from one to three 
electrons. The modern view is that the mass of 
the atom contains a large number of electrons, 
bound together by some hitherto mysterious body 
of positive electricity, Thomson supposes that these 
electrons revolve within the positive body, and 
are influenced by magnetic forces. They probably 
circulate in all sorts of planes, thus making up 
a diamagnetic atom in the ordinary sense. The 
detachable electron probably revolves at a greater 
distance, somewhat like Neptune or the comets in 
the Solar System, and it owes its predominant 
magnetic effect to its largo orbit. As wo shall see, 
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two orbits influenco each other in proportion to 
their areas. In ferromagnetic bodies like iron, a 
few electrons must possess exceptionally large orbits. 
In soft, unmagnetised iron these orbits face every 
way, or are bound up together in small groups. 
When the soft iron is brought into a field of 
magnetic force, ^the orbits, or what wo may call 
the molecular currents, are drawn round till their 
own magnetic fields coincide with the external field. 
The iron is then 14 imignetised." Needless to say, 
the addition «»f all the molecular fields to the ex- 
ternal field greatly strengthens the original field. 
It would require very exceptional contrivances to 
make a current of 2.\000 amperes circulate round 
a narrow tube. It is quite impossible with purely 
electrical means to get such a current to circulate 
within a spue* 1 of a cubic centimetre. But by calling 
in the aid of the molecular currents— ready-math? 
currents, which only require “turning on” — wo 
obtain the powerful magnetic fields with which the 
electro-magnet is associated. 

When the external magnetic field is removed, it 
may happen that most of the molecular currents 
remain in their new positions, being held there by 
their mutual attractions. In that case wo have 
what is called “ residual magnetism.” In soft iron 
this residual magnetism amounts to about 80 per 
cent, of the magnetism induced in fairly strong 
fields. But the slightest tap or other mechanical 
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disturbance makes the molecular currents swing 
back into their higgledy-piggledy state. In steel, 
on tho other hand, the residual magnetism is held 
even when the field is reversed until the field 
acquires a considerable strength. This indicates 
that in steel the orbits are so large, or so close 
together, that when they arc once in line a con- 
siderable force is required to turn them into other 
positions. 

This brings us to the consideration of magnetic 
“ moments.” The turning couple experienced by a 
molecular current, or any other electric current in 
a magnetic field, is proportional to its magnetic 
moment. This moment is made up of two factors, 
one of them being the strength of the current, and 
the other tho area round which it circulates. If the 
strength of a molecular current is 10 amperes, and 
its area is 1 sq. centimetre, it experiences in a unit 
magnetic Held a maximum couple of 1 d3'ne-cm. 
Generally, a circuit of area A, and current strength /. 
lues a moment = A i. 

If tho current in a solenoid is I electro-magnetic 
units per cm. length, its sectional area A sq. cm., 
and its length l, then its magnetic moment is IA/. 
The product IA or (current por unit length) (sectional 
area) is called tho “pole strength” of the solenoid 
or other magnet. The name is justified by the 
fact that, as far as the external force of the magnet is 
concerned, it uiay be ascribed to two centres, situated 
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at or near tho two free ends of the magnot, and of 
a strength ” equal to tho product of the maguotic 
intensity into the area. But these poles are mere 
mathematical fictions of a high degree of artificiality. 
When the bar is twisted into a comploto circle, the 
poles disappear, although the molecular currents 
remain nearly tho same as before. 

The magnetic moment of a bar magnot of longth 
l and pole-strength IA is IAf. Or if to is put for 
the pole-strength IA, the moment is ml. Hence 
the moment of a bar magnot may be measured by 
multiplying its pole-strength by its longth. A unit 
magnetic polo is possessed by a bar whoso sectional 
area multiplied by tho total current circulating 
round it per unit longth is unity. Thus, if the 
i nnlo'ulor cvrrnds circulating murid a liar of 1 
si 7 . cm. sect i"ti 1 1 mount to 10 <1 in pi res jtev cm. length, 
tliot hue fm.< unit magnetic poles. If it is 1 cm. long 
it has unit magnetic moment. 

The magnetic moment determines tho magnetic 
force exerted by a magnetic circuit, or a solenoid at 
any point far away from it in comparison with its 
longth. If any such point is chosen at random, 
the force increases in direct proportion to tho 
moment. Thus, tho force exerted by a small bar 
magnet or magnetic needlo may bo doubled by 
doubling either its length or its polo-strength. Tho 
force exerted by a molecular current or other small 
plane circuit may be doubled by doubling either 
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tho current or the area. In both cases the process 
is essentially the same. In tho bar magnet the 
current can only bo doubled by doubling the length, 
since tho molecular currents cannot be altered. Tho 
polo-strength can be doubled by doubling either I or 
A. If steel bars are used, I is limited by a certain 
maximum (17,000 amperes per cm v length), and the 
pole-strength can only be doubled by doubling the 
aroa, as in the case of the circuit. The analogy 
between circuits and magnets is, therefore, very 
far-reaching. Tho differences between them are 
due to tho great strength of tho molecular currents. 
This great strength, whilo offering many advantages, 
suffers under the drawback that tho molecular cur- 
rents easily fall out of alignment, thus leading to 
demagnetisation. Tho solenoid or other artificial 
magnet is much feebler than tho magnet containing 
iron, but more reliable than tho permanent magnet. 
The best and strongest magnets arc made up by 
combining both forms, thus offering the certainty 
of tho solenoid and tho strength of the iron 
magnet. Such combinations, constructed by wind- 
ing a current-bearing wire in many turns round a 
soft, iron core, are well known under the name of 
electro-magnets. 

To mako tho analogy between magnets and sole- 
noids more oloar, it is necessary to go a little further 
into the nature of a magnet pole. The conception 
of polos, though misleading in many ways, has also 
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had its uses. It has furnished a convenient abbre- 
viation for many physical terms, and has served to 
give us some idea of the action of a magnetic field 
upon a magnetic needle. But when that conception 
was strained in order to account for the nature of 
magnetism, it not only failed, but retarded actual 
progress in that direction for generations. 

The magnetic action of a long and thin solenoid, 
like that of a long and thin magnet, may be sup- 



posed to be concentrated at two points very near 
the euds. which aro called its poles. But evory 
turn of the solenoid, like evory section of the mag- 
net, exerts its magnetic force </uitf i nilfjtfiulrntl// of 
any other turn or sect ion. I Is action is not abolished 
or “ neutralised ’’ by that of any other part. It per- 
sists intact, and if a turn in the centre of a solenoid 
appears neutral, it is only because wo are not using 
the proper means of demonstrating its magnetic 
action. 

That the action appears to bo concentrated at 
the poles is, so to speak, an illusion, duo to the 
peculiar way in which the actions of the individual 
turns sum themselves up. 
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Consider two solenoids of equal length, but dif- 
ferent thicknesses (Fig. ^25), placed one inside the 
other. The electron currents, when looked at from 
the left-hand end, all appear to revolve in the direc- 
tion of the hands of a watch. They therefore all 
attract each other, and since they are already as 
closo together as they can bo, they will not alter 
their relativo position if they are free to move. In 
other words, there is no resultant force upon them ; 
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they aro in a position of equilibrium. Now let the 
smaller solenoid bo pulled part of the way out of 
the larger one (B'ig. 20). Then the two portions 
botwoen 11 and U aro in equilibrium with respect 
to each other as before; but the portions A B 
and C 1) aro not. The portion A 11 attracts every 
turn in the smaller solenoid. The attraction is pro- 
portional to the moment of each turn of the larger 
solonoid, and inversely proportional to tho cube of 
its distance. On tho other hand, tho attraction is 
directly proportional to the number of turns between 
A and B. If A B = l, wo therefore havo tho attrac- 
tion proportional to and also to l itself. The 
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result is that it is proportional to or 1 //-. It is 

inversely as the square of the distance. 

The above reasoning supposes that the length 
of the solenoids is great in comparison with their 
diameters. This provision need not disturb us, 
since without it wo cannot apeak of poles at all, 
even in bar magnets. 

If one of tho solenoids is reversed, tho attraction 
will l»e converted into a repulsion, and tho smaller 
ono will be expelled from the larger one. If, how- 
ever, the two solonoids are laid alongside each other 
in the samo direction, currents proceeding in tho 
same direction will bo adjacent to each other, and 
will attract each other. If tho solenoids are placed 
side by sido, but not end to end, they will tend to 
move so as to bring their ends together, in order to 
have tho attracting currents as close together and 
as numerous as possible. Hero, again, wo have the 
illusion of polar action. But since the currents 
have only ono point in contact, tho attraction is 
much feebler than whon one solenoid is iusido the 
other. 

The invorso square law may bo deduced from a 
general principle of tho integral calculus. This 
principle, which is capable of many useful applica- 
tions, is as follows : Whon a forco oxertod by an 
infinite lino upon a point outside it varies as tho 
■nth power of tho distance between tho point and 
an element of the lino, the total force exerted by 
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the infinite line varies as the (n -f l)th power of 
the distance between the point and the line. Thus, 
if the point is an electron and the line is a line of 
electrons, the repulsion between the electron and 
each element of the line varies inversely as the 
squaro of the distance — i.e. as the ( — 2)th power of 
the distance. Ucncc the total repulsion varies as 
the (— l)th power of the distance— i.e. inversely as 
the distance. 

Tho magnetic force exerted by a small circuit 
varies inversely as the cube of the distance. Hence 
the magnetic force exerted by an infinite line threaded 
with such circuits varies inversely as the square of 
the distance. Since, in the case of a circuit placed 
outside an infinite solenoid, tho forco is parallel to 
the solenoid itself, and equal in both directions, the 
two halves of an infinite solenoid will compensate 
each other, and tho resultant force will be zero. 
But if the solenoid is infinite in one direction only, 
a resultant force will appear, which is inversely pro- 
portional to the square of the distance from the end. 
This force will be apparently duo to the existence of 
tho end. It will be greatest at tho end, and will 
appear to bo concentrated there. In short, the 
illusion of tho magnetic “ polo ” is complete. 

Let this end be dipped into iron filings. It will 
magnetiso some of them, and onablo them to adhero 
to each othor. The adhesion will be strongest where 
tho molecular circuits can place themsolvcs in paral- 
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lelism with tho solenoid circuits, so as to fonn whirls 
of molecular currents proceeding from tin end of 
the solenoid. Tho solenoid has “polos” just ns a 
bar magnet has, neither more nor loss. 

The pole-strength is unity, as shown abovo, when 
the product of the sectional area of the solenoid into 
the total current carried p6v cm.-longth is unity. 
If the sectional area is one square millimetre, tho 
current per em.-length must be 100 electro-magnetic 
units, or 1000 amperes, since 1 sq. cm. = 100 sq. nun. 
Tho pole of the solenoid is then a unit polo. The 
pole of a magnet of the same section, with a mole- 
cular current of 1000 amperes circulating round it 
per cm. -length, is also a unit pole. Both unit poles 
have an important property. A unit magnetic jtole, 
plnad iU a distance of 1 cm. in air from another 
unit pair of the '"OMt' sign, repels it with l hr force of 
one dyne. 

This is tho law upon which tho " electro-magnetic” 
system of units has been based. Tho “electrostatic” 
system, on the other hand, is based upon the inverse- 
square law governing tho forces between quantities 
of electricity. Tho establishment of two ditlerent 
systems of units was unavoidable before magnetism 
had been reduced to electrical principles. But it 
was unfortunate, and it considerably increased the 
difficulties of tho learner. Tho whole of the mag- 
netic and electric units can now bo reduced to terms 
of electric quantity. Tho volt, ampere, ohm, cou- 
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lontb, and other practical units arc retained intact; 
hut instead of basing them upon a mathematical 
abstraction like a magnetic polo, they will be inter- 
preted in terms of Nature’s own unit of electricity, 
the electron. 



CHAPTER IX 


INDUCED CURRENTS 

I 

We have hitherto only considered steady currents* 
whifch, in metals, are constituted by the motion of 
electrons only, with a constant average velocity. 
This motion takes place in a direction opposite to 
what was hitherto described as the direction of “the 
current,” and gives rise to a magnetic forco in the 
surrounding space, which Ls proportional to tho 
moment u in of tho electrons. 

We have next to consider tho case where electrons 
are started or stopped — in other words, whore the 
current varies. 

Now, wo know that all electrons in a wire aro con- 
stantly being stopped by collision with neutral atoms, 
and started again along tho electric field of forco as 
soon as they are liberated. But those startings and 
stoppages make no difference to tlio external magnetic 
action, since they aro so exceedingly nuinorous, and 
all stages in tho process are represented at any given 
instant. On tho whole, the extornal effect is just as 
if the electrons wore moving with a steady speed 
through the wire. Tho only indication wo have of 
tho actual collisions is tho heat developed in tho 
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wire, which represents tho energy of motion trans- 
formed into hoat when tho electron is stopped. But 
what happens when all tho electrons are stopped at 
the same instant ? 

What does happon is very much like what happens 
whon any larger body is stopped. Tho energy of 
motion is transformed into some other form of 
energy, and is eventually radiated out into space 
in tho form of heat or other ether waves. 

Tho kinotic energy or energy of motion of a 
ponderablo body is equal to half tho product of 
its mass into the square of its velocity — 1 mv 2 . 
Thus, the kinetic energy of ono gramme moving with 
a velocity of 1 cm. per second is i erg. In other 
words, by stopping it we may make it perform 
half an erg of work. It also takes half an erg of 
work to impart to tho gramme a velocity of 1 cm. 
per second. This amount of work is done when- 
ever wo exert a force of 1 dyne over a distance 
of cin. 

On this principle, let us calculate the energy of 
motion of an electron. Its mass is taken to be 
O’G x 10 ~' 27 gramme (see p. 23). Its voloeity can 
never oxcecd that of light, which is 3 x 10 w cm. per 
second. Hence, tho kinetic onorgy of the electron 
can never bo greater than } x 0'6 x 10"- r x3 5 x 
10 20 or 27 x 10' 7 erg. Similarly, the kinetic energy 
of a “ company ” (ono electrostatic unit) of electrons 
is always less than 800 orgs, and the kinetic energy 



178 THE ELECTRON THEORY 

of one coulomb, or “ army," of electrons is always 
loss than 2*38 billion ergs. 

The amount of energy required for imparting a 
given velocity to an electron is, howovor, atlectod by 
a magnetic iiold. That this must, bo so is evident 
from the principle of the censor -ation of onerry. 
When an electron moves parallel to a eurront-bearmg 
wire in the samo direction as the electrons in the 
wire, it is attracted towards the wire. In other words, 
it possesses an energy of position (or potential energy) 
in addition to its own energy of motion. This energy 
of position is directly proportional to tho velocity of 
the electron, since the attraction between it and the 
wire is directly proportional to that velocity. It is 
also proportional to tho momentum of the electrons 
in the wire — in other words, to the magnetic field 
generated by them. 

It is, therefore, more difficult to start an electron 
in the same direction as other moving electrons than 
to start it in empty space. It requires more energy, 
more expenditure of work. Tho excess is directly 
proportional to tho magnetic field created by tho 
electrons in tho wire, or simply to the magnetic field, 
howsoever created. 

Matters can bo sot right by imparting an extra 
amount of momentum to the olectron in proportion 
to the magnetic field. This momentum may be im- 
parted to it by bringing a force to boar upon it for a 
definite time. Now, a force acting for a certain time 
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produces what is called an “impulse." A force of 
one dyne acting for one second produces an impulse 
of one dyne-second. If it acts upon one gramme, it 
produces in it a velocity of one centimetre per second. 
Acting on a kilogramme, it produces a velocity of 
inVff c,n * P er second. Acting upon a milligramme, 
it imparts to it a velocity of 10 metres per second. 
In every caso, the same impulse produces the s/ime 
momentum. 

In order, therefore, to start an electron through a 
magnetic field, an extra imjml.se has to bo given to it 
in proportion to tlio strength of the magnetic field. 
Now, if the electron is already in motion, and a 
current is suddenly sent through a neighbouring 
wire, a magnetic field will be created round the 
electron. If it fails to receive the nocessary extra 
impulse, the impulse will bo deducted from its own 
velocity. The debt has to bo paid somehow'. 

If, instead of a single electron, there is a crowd of 
them moving in another wire, the stato of things will 
bo the same. When the magnetic field is started, 
they all receive a set-back. Their velocity is reduced 
by a certain amount proportional to tho magnetic field. 

If the magnetic field is revorsed, the imjmlso 
is also reversed, and instead of a retardation the 
electrons receive an acceleration of the same amount. 
In both coses tho impulso is in tho direction opposite 
to that of tho current in the wire, and proportional to 
that current. 
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This is t he principle of electro-magnetic induction, 
or the pnxluction of currents by changes in other 
currents. 

The fundamental phenomena of induced curronts 
were discovered by Faraday, and formulated by him 
in the language of “ lines of force.” I liavo so far 
avoided this expression in order to concentrate atten- 
tion upon the events happening within tlio conducting 
wire. I shall now introduce it, but with the restric- 
tions and limitations imposed by tlio now atomic 
theory of electricity. 

When a sheet of paper is laid over a bar magnet 
and dusted with iron tilings, the tilings arrange them- 
selves in curved lines, which approximately represent 
the direction in which a free magnetic pole would 
travel if placed in tho magnetic lield. These lines 
are called “ lines of force,” because tho tangent at any 
point of one of the curves represents the direction in 
which tho resultant magnetic force would urge the 
free magnetic pole. 

Now, Faraday imagined that all space round a 
magnet Is filled with some invisible lines correspond- 
ing in direction to these lines of iron filings. To 
these ethereal lines ho ascribed a physical reality and 
physical properties, such as a tension along them and 
a pressure at right angles to them. He was thus en- 
abled to “explain" a variety of magnetic phenomena, 
or, rather, to summarise them in the light of his 
fundamental assumption of physical lines of force. 
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It cannot bo denied that the conception of lines 
of forco has been of great practical utility. It has 
enabled engineers to visualise the happenings in a 
magnetic field. In the hands of Maxwell and his 
brilliant successor at Cambridge, the method of lines 
and tubes of forco has been used to describe and 
measure magnetic phenomena with marked success ; 
but, so far, all attempts to demonstrate tbeir real 
existence in the ether have utterly failed. The very 
fact that a unit magnetic field can be arbitrarily 
defined as containing a certain number of lines per 
square centimetre implies that these lines have no 
real existence. 

Within a permanent magnet there is very little 
doubt that the molecular currents are mostly ar- 
ranged in rows with their axes in the same line, thus 
forming magnetic filaments, or elementary solenoids. 
These, at all events, really exist. They number 
about 10 16 per square cm. of cross-section, and that 
number measures the intensity of magnetisation. 
The lines of force that are supposed to continue 
them outside the magnet may be used to measure 
tho magnetic forco at any point outside. It is 
simply equal to the number of lines vertically cut- 
ting unit area at that point. A unit- magnet pole 
is defined as a polo emitting 4 tt lines of force, so 
that thero is one lino passing through every sq. cm. 
of a sphere of 1 cm. radius described about it. This 
definition at once shows the purely arbitrary char- 
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actor of tho assumptions made ; but it enables us to 
state the law of electro-magnetic induction in a terse 
manner, as follows : — 

The impulso of electro-magnetic induction pro- 
duced by the creation or destruction of a magnetic 
field is at right angles to the lines of force, and 
proportional to their density. When their density 
is changed it is proportional to tho difference of 
density. 

It does not matter how tho field is made to vary, 
whether by moving the current-bearing wire, vary- 
ing the current, or moving a permanent magnet. 
The impulse of induction is proportional to the 
change in the field — i.e. the change of density 
and direction of the lines of force. 

The simplest cases to investigate are those in 
which tho magnetic field is uniform. Wo have 
seen above (p. 150) that the field inside a long 
solenoid is 4 irn i units, where i is the current through 
the wire, and n the number of turns per cm. This 
field is nearly the same at any point within the 
solenoid, and is independent of its diameter. We 
will, therefore, operate with a large solenoid 10 cm. 
in diameter, having ten turns to tho centimetre 
length, bearing a current of 10 amperes, and having 
a total longth of 1 metre. The magnetic force 
inside it will then be 4ir x 10 x 1, sinco 10 amperes 
are just one electro-magnetic unit of current. The 
magnetic force inside will be 126 units, or about 
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COO times the earth’s horizontal magnetic force in 
our latitudes. In the language of the “ lines of force," 
there will be 12G lines of force penetrating every 
square cm. placed across the axis of the solenoid. 
The total number of lines of force through the sole- 
noids will be 12C x its area. The radius being 5 cm., 
its area is 25 7 r, or 78*4 sq. cm. Hence the total 
“ lines ” passing through its interior amount to 9880. 

Let a small circle of wire of radius 1 cm. be placed 
within the solenoid, with its plane at right angles 
to the axis of the solenoid. Its area will then be 
8*1416 sq. cm., and the number of lines of force 
passing through it will bo 3*1416 x 126 = 896. 

When tho current in the solenoid is broken, its 
magnetic Held is suppressed. The electrons in the 
circle of wire thereupon experience a force tending 
to make them circulate in the same direction us 
the former current in the solenoid. It is just as 
if part of the momentum of the electrons in the 
solenoid had been transferred to those in the circle. 
Now, the ralo of transfer of this momentum will 
vary, of courso, with tho rate of stoppiige of the 
original current — i.e. with the rate of change in 
tho magnetic field. The amount of momentum 
transferred varies with tho extent to which the 
magnetic field created by the solenoid is covered. 
If matters were reversed, and the circle bore the 
original current, the solenoid woidd receive the 
whole of its electric momentum on stoppage of the 
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current. But, as it is, the circle will only receive 
a portion which is proportional to its area, ami the 
rate at which it receives it measures the electro- 
motive force •“ induced ” in the circle. 

We have thus arrived at these two important 
principles : — 

1. The induced E.M.F. is proportional to the rat*' 
of change of the magnetic field. 

2. In a uniform field, the induced E.M.F. is pro- 
|ortional to the area of tho circuit into which it is 
induced. 

Faraday’s conception of lines of force enables us 
to combine these two principles into a single rule, 
worded as follows: — 

The E.M.F. induced in a circuit by a chan ye 
of maynetic field intensity is proportional to the 
number of lines of force added to, or withdrawn 
from, its area in the unit of time. 

Thus tho starting or suppression of the 369 lines 
of forco passing through tho area of the circlo within 
one second will induce in the circlo an E.M.F. of 
one 396 units. Those units, it should be stated, 
are not tho volt or practical unit, but the 
electro-magnetic unit of 10" 8 volts. The E.M.F. 
will, therefore, bo very feeble, and, indeed, all 
but undiscovorablo. But it can be increased by 
shortening tho time during which tho change in 
the field takes place. If the current were broken 
in a millionth of a second, the E.M.F. would be 3*96 
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volts. If, instead of one circle of wire, there was a 
short coil of 10 turns, the E.M.F. would be 39-6 volts. 

The cwrrent through tho circle of iron depends 
not only upon the inducod E.M.F., but also upon 
the resistance of the wire. If the induced E.M.F. is 
3-9G volts, and the resistance 0-001 ohrn, the current 
strength will bo 3900 amperes. But this current 
will only last as long as the E.M.F. lasts — i.o. for 
one-inillionth of a second. Honce the quantity of 
electricity passing any section of tho wire circle is 
not 39G0 coulombs, but 0-0009G coulombs. But 
this quantity is quite independent of the rate of 
chango in tho magnetic field. A slow rate of change 
means a small E.M.F., but a current more busting in 
proportion. Hence we got the simple rule: The 
quantity of electricity passing any section of a con- 
ductor is proportional to tho chango in the number 
of magnetic lines of forco passing through the area 
of tho circuit. 

The “ number of linos of force passing through an 
area” is called the “magnetic flux” through that 
area. Honco the quantity of electricity passing is 
measured by the change in the magnetic flux 
through the cirouit. As long as the magnetic flux 
goes on changing tho electricity passes through the 
circuit, and its speed depends upon tho rate at 
which the magnetic forco changes. Its direction 
is determined by tho direction of tho magnetic field. 

The direction of a magnetic field is determined by 
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reference to the earth. The body of the earth is 
itself a magnot, and it has a north and a south 
magnetio pole. Every permanent magnet has also 
two poles, and much confusion has been occasioned 
by the various methods of naming them. When it 
was known that unliko poles attract each other it 
was thought to bo most logical* to call that end of the 
magnetic needle which points towards the north its 
soutn pole, and the south-seeking end its north pole. 
But popular usage adhered to the practice of calling 
the northernmost pole the north polo, and rice vcrsd. 
This practice is even now adhered to on the Conti- 
nent. The best way out of the diflioulty is that 
suggested, I believe, by Silvanus Thompson, who 
calls the north end of tho needle the north-seeking 
pole and the south end tho south-seeking polo. This 
is clear and precise. But all these ambiguities aro 
avoided if wo refer all definitions to tho motion of 
electrons. If a zinc and copper couple are floated in 
dilute sulphuric acid, and the wire joining them is 
turned into a coil, that coil turns its plane in a 
direction at right angles to the magnetic meridian 
and in such a manner that tho zinc is towards the 
east and the copper towards tho west. This means 
that the electrons in the upper wire flow in the 
direction of tho sun’s motion in tho heavens, and in 
the lower half of the coil they flow from west to east. 
Hence the electron current in the earth’s surface also 
flows from west to east, or contrary to the sun’s 
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apparent motion. It flows, in fact, in the direction 
of the earth’s revolution. Now, it has been proved 
that the mere rotation of a negatively charged sphere 
about its axis generates a magnetic field at its surface, 
and it might be supposed that that is the origin of 
the earth’s magnetism ; but a simple calculation, on 
the basis of the earth’s high electrical potential, 
shows that the earth's motion is only capable of 
accounting for about one ten-thousandth part of ‘the 
actual magnetic field. The actual field appears to 
bo duo partly to discharges from and into interstellar 
space, and partly to thermo-electric effects. It is 
known that, when a point in an iron wire is heated, 
and the slope of temperature is steeper on one side 
than on the other, there is an electron current from 
the steeper to the less steep side. Now, such a 
difference of steepness is actually observed in the 
case of tho earth. The rise of temperature in the 
morning is more rapid than its fall in the afternoon. 
Tho point of maximum temperature is under a 
meridian about 30° east of the sun’s position, and 
there is a steep temperature gradient towards the 
west., and a flatter gradient towards the east. If the 
earth behaves like iron in this respect — and iron is 
one of tho commonest constituents, not only of the 
earth, but of other heaventy bodies — we should expect 
an electron current to pass from west to east. This 
would explain the larger part of tho earth’s mag- 
netism ; but, of course, nobody can claim that it gives 
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a complete explanation until wo can tost it with some 
quantitative rigidity. In any case, it is useful to 
remember that the electron current round the earth 
proceeds from west to e;ist, countor-sunwiso (Fig. 27). 
In a magnetic nccdlo, M, the electron current runs 
so that on its side nearost the ground the oleotrons 
run in the same direction as they do in the ground. 

Whenever, therefore, a 
north - seeking pole of 
a needlo points towards 
us, wo know that the 
eloetron current revolves 
round it in the direction 
of tho hands of a watch. 
And when the end of a 
solenoid points towards 
us, and the electron cur- 
rent, on its way from 
the zinc to the copper, 
passes round it clock- 
wise, we know that that 
solenoid, suspended or 
floated freely, will point the same end towards the 
north. A smaller solenoid within it will have a 
current in tho same direction induced in it when 
tho main current is broken, and a current in the 
opposite direction when tho main current is startod 
again. 

Since the electron current in tho wire consists of a 
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vast number of moving electrons, it may bo regarded 
sis a bundle of innumerable conductors ot very small 
diarnct er, and it is evident that these will influence 
each other. It will bo more difficult to start a 
current in a thick wiro than to start the same 
aggregate current in a number of thin wires taken 
separately. The phenomenon whereby a current in 
a wiro hinders its own increase or decrease is called 
self-induction. It is measured by the “ coefficient of 
self-induction,” or, shortly, the “ inductance,” and is 
numerically equal to the magnetic flux through tho 
circuit when unit current flows through it. In a 
long straight solenoid traversed by unit current (10 
amperes), tho magnetic force is 4 mi, whore n is the 
number of turns per unit length. If A is the area of 
the section, the number of lines of force passing 
through each turn is 4 mi A ; and since there are n 
turns per unit length, the number of lines is 4 mi- A, 
so that tho inductance of a solenoid of length l is 
4 71 nUA. This is equal to twice the energy in the 
magnetic field due to unit current. 

Tho inductance may bo enormously increased by 
putting an iron core into the solenoid, as in that case 
the lines of force due to the molecular currents are 
added to those of the solenoid. 



CHAPTER X 

RADIATION 

Hitherto wo have considered electric actions with- 
out reference to tho time taken in transmitting them 
from one place to another. Wo have dealt with 
them as wo would with the phenomena of gravi- 
tation. It is known from astronomical observa- 
tions that gravitational force is transmitted through 
space with a practically infinite velocity, a velocity 
so great that wo cannot discover any time interval 
elapsing between the establishment of a given con- 
figuration of gravitating masses and the action of 
the gravitational force predicted by Newton’s law. 
If, for instance, gravitation were transmitted through 
space with the velocity of light, there would l»o a 
certain retardation or lag of tho force between two 
celestial bodies behind their geometrical positions. 
If a body were falling towards tho sun and were 
crossing the earth's orbit, tho force exerted by tho 
sun upon it at every instant would not bo tho force 
duo to its position at that instant, hut would be tho 
force due to the position it occupied eight minutes 
before that instant, since the gravitational force 
would take eight minutes to traverso the distance 
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between the sun and the earth’s orbit. Such a lag 
would upset all calculations based upon Newton’s 
simple law of attraction, and could not fail to be 
discovered. 

It was thought 'for a long time that electric and 
magnetic forces were propagated instantaneously 
throughout observable space, or, at least, with the 
speed of gravitational force. In that case a mag- 
netic field produced by exciting an electromagnet 
would no sooner be established in our laboratories 
than its influence would extend to the sun and the 
fixed stars. Likewise, if wo could suddenly create 
or destroy a lump of matter, an increase or dimi- 
nution of gravitational force would bo instantly felt 
throughout the universe. 

If a magnetic-field were to oscillate between a 
maximum and a minimum value, its influence at 
any point outside oscillates at the same rate : but 
the distance between two successive maxima of 
influence depends upon the rate of its propagation. 
With an infinite speed, the “wave-length” or distance 
between successive maxima would be infinite. If 
we had any moans of creating or destroying matter, 
we could produce gravitational waves of infinite 
wave-length. But tho science of optics has made 
us familiar with a velocity of propagation which, 
though very largo, is still quite measurable. It is 
the velocity of light, which is 3 x 10 10 cm. per second, 
or 186,000 miles per second, and the experiments of 



1 92 TUB ELECTRON THEORY 

Hertz have proved that a magnotic field is pro- 
pagated outwards with that volocity. This moaus 
that when a magnet is tnado and unmade, waves of 
magnetic force travel out into spaco with a wave- 
length proportional to tho time* elapsing lietwoen 
two successive makes or breaks. If a broak occurs 
every eight minutes, the wavc-longth is equal to tho 
distance of the earth from tho sun. If it occurs a 
million times per second, the wave-length is almut 
one-sixth of a mile. 

There is thus a close analogy hotweeu tho pro- 
pagation of light and tho propagation of magnetic 
force, l’oth processes may be classed under tho 
word “radiation,” which may be defined as a pro- 
cess in which a disturbance is propagated through 
space without the intervention of ponderable matter. 
Light-rays, heat-rays, and rays of magnetic force 
come under this heading. Cathode rays do not, 
since they are simply projected electrons, nor canal 
rays, since they arc projected positive atoms. 

We have in the previous chapters becomo familiar 
with three electric actions at a distanco: (1) Electro- 
static force, or the force between charged bodies 
at rest. (2) Magnetic force, or the force between 
charged bodies in steady motion. (3) Inductivo 
force, or the force between charged bodies under 
acceleration. 

The second and third of these forces do not coine 
into play until electric charges — i.e. electrons or 
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positive atoms — are moved. Since we can produce 
such motion at will, we can determine the velocity of 
propagation of these forces by the methods employed 
in determining the velocity of light without the aid 
of heavenly bodies, or by somewhat similar methods. 
But we cannot either create or destroy an electric 
charge. Electricity is hot a mode of motion. It is 
as indestructiblo as matter itself. Hence we cannot 
determine the velocity of propagation of electrostatic 
force by purely terrestrial experiments. If we knew 
the exact value of the electric charges of the planets, 
there would be a faint chance of discovering a finite 
rate of propagation of the electrostatic force between 
them; but wo have already seen (p. 70) that that 
force is insignificant in comparison with the gravi- 
tational force between them. 

Wo cannot, therefore, say anything about the rate 
at which electrostatic force is propagated. Like that 
of the other static force, gravitation, it may be 
infinito ; and wo have as much right to speak about 
electrostatic rays or waves as we have to speak of 
rays or waves of gravitational force. 

But the rate at which the dynamic forces (2) and 
(3) aro propagated is well known. They are pro- 
pagated through space with the velocity of light, and 
if any matter containing froe electrons or positive 
atoms intervenes, thoir rate of propagation is lessened, 
just as the velocity of light is diminished under the 
same circumstances. 

N 
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Consider two parallel wires of infinite length, along 
which elec tron currents move in the same direction. 
There is a magnetic attraction between them which 
remains constant as long as the currents remain tho 
same. There is no electrostatic force, and no in- 
ductivo force between them. Tho magnetic force 
being steady, thero are no magnetic waves, no mag- 
netic radiation. Hut lot tho curront in one wire, 
‘"Which we will call A, diminish steadily to zero, thon 
the magnetic field will also decrease steadily to zoro, 
and tho magnetic force between tho wires will vanish. 
It is interesting to note tho prociso manner in which 
the magnetic force vanishes. Tho magnetic force is 
conditional upon the existence of two magnetic 
fields, each due to an electron current. 

When tho current in A falls to zoro, tho magnetic 
field of A vanishos at the same instant. Hut only at 
the wire itself. It lakes some time to vanish in 
regions some distance away from tho wire. At H 
it only vanishes after an interval of time, which 
depends upon tho distance between A and B. If 
that distance is 186,000 miles, then tho magnetic 
force on B persists for one second after the current 
in A has ceased to flow. Tho dccreaso of magnetic 
force in A thus produces a pulse of (lomagnotisation 
extending into infinite space with tho velocity of 
light. This pulse is accompanied by a pulso of 
inductive force. As we have seen in tho last chapter, 
an acceleration or retardation of electrons in a wire 
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produces a displacement of electrons in the opposite 
direction in a neighbouring wire, the displacement of 
electrons across any section of the wire being pro- 
portional to the change in tho strength of the mag- 
netic* field. We have, therefore, two different effects 
produced in B when the current in A diminishes to 
zero. 

(a) The magnetic force between A and B diminishes 
as the current in A diminishes. • 

(ft) The electrons in B undergo an inductive 
acceleration in tho direction of the main current 
while tho decrease in A continues. 

In (a) wo have, therefore, a steady diminution of a 
force acting in the line joining A and B. In (ft) wc 
havo a steady force acting at right angles to tho line 
joining A and B, and lasting only as long as the 
current in A is undergoing a change. The forces (a) 
and (ft) are in the plane of the two wiros, but are at 
right angles to each other. 

Now, tho force («) is a “magnetic” force, and is, 
by tho older methods, measured tvs tho force upon 
a magnotic “ pole.” But the magnetic lines of force 
aro supposed to mark out the lines along which a 
“free magnetic polo” would travel. There is no 
such thing as a free magnetic polo; but if there 
wore, it would revolve round and round a current- 
bearing wire. Tho magnetic linos of force will there- 
fore cut tho piano containing the wires A and B at 
right angles. Henco it is usual to say that the 
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magnetic forco is always at right angles to the 
“electric” (inductive) force, and both arc in tho 
plane of tho wave front — i.e. in tho plane normal to 
tho direction of propagation. Since in tho modern 
theory all magnetic forces uro resolved into forces 
on moving electrons, tho magnetic force acts in s ho 
direction of propagation of tho wave. It is a “longi- 
tudinal” force, while the inductive force is a “trans- 
Tcric'' force, and only the latter is in the plane of 
the wave- front. 

These considerations lead up to the important 
conception of an tlrclro-inaijnHie mtvr. Since no 
magnetic wave can he created without changing the 
magnetic force and thus producing an inductive 
pulse, and since no induction is possible without 
moving electrons and (therefore) magnetic liolds, it 
follows that in all electro-magnetic wavos we have 
the two forces, tho magnetic and the inductivo, 
which go hand in hand, and are always at right 
angles to each other. ‘ 

It is tlicso electro-magnetic waves that are used in 
wireless telegraphy, and the saino waves, when much 
smaller in wave-length, produco all tho phenomena 
of light. 

Consider a single electron swinging up and down 
in a vertical path one centimetro long. Lot its 
motion bo a simple harmonic motion, liko that of 
a piston-rod; then its velocity will be greatest in 
the middle of its run, and least at tho onds. The 
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magnetic field due to its motion will therefore be 
greatest when the electron is passing the centre of 
its path, and least when its motion is being reversed. 
On the other hand, tho acceleration (and retardation* 
will be greatest at the ends of the path, and the 
inductive force duo to the electron will be greatest 
when its motion is being 
reversed. Tho electron 
therefore, sends out two 
systems of waves into the 
surrounding space, which 
are both propagated with 
tho velocity of light, but 
retarded with respect to 
each other in sucl a 
manner that the maxi- 
mum of ono coincides 
with the minimum of the 
other. 

A single electron would, 
of course, not give rise 
to an appreciable electro- 
magnetic effect ; but very perceptihlo waves may be 
generated by means of an induction coil discharged 
through a conductor of some capacity. 

Lot an induction coil bo discharged through a 
spark-gap, consisting of two metallic knobs, Fig. 28, 
connected witli metallic plates to increase the 
capacity. The discharge is, of course, oscillatory> 
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since tho primary current in the coil is made 
and broken in rapid succession. An oscillatory dis- 
charge means the surging to and fro of electrons. 
The number of oscillations per sefcond has boen de- 
termined by observing the sparks in a revolving 
mirror. Trowbridge and Diiuno found a rato of 
oscillation amounting to five million per second for 
7i si'u all capacity. With a larger capacity the oscilla- 
tions would be slower. 1 

The oscillations are perceived most easily by 
mounting two plates facing those attached to tho 
knobs, and stretching out two parallel wires with freo 
ends, as shown. This arrangement is due to Lecher, 
and is an improvement on tho apparatus by which 
Hertz was first enabled to demonstrate tho existence 
of electric waves. ■ 

Tho surgings of the electrons in the gap produce 
inductive pulses in the secondary plates, which urge 
the electrons in them up and down in unison, hut 
always in the opposite direction from the acceleration 
of the electrons in the gap. Thcso pules are trans- 
mitted along tho wire, and under their influence the 
electrons in them aro urged to and fro along it, just 
as particles of water describo circles when a wavo 
passes. 

When the pidse or surge of electrons arrives at 

1 The period of oscillulion is frivun hy tho equation T ~ 2 w 
whore L is the self-induction and C the capacity of the 
circuit. 



RADIATION 


*99 


the end of the wire, it accumulates there and re- 
bounds, just as a water-wave does against a sea-wall. 
The analogy with the water-wavo goes even further. 
For when a water-wavo makes straight for a sea- 
wall, and is thrown back, it combines with the 
advancing wave to form stationary waves, and the 
water moves up and down in the same place, like a 
violin string. Similarly, the direct and leHected 
pulses of an electron current combine to form 
stationary waves in a wire, marked off from each 
other by “nodes” at which there is no accumula- 
tion of electrons, but a very rapid motion to and 
fro. Those nodes, and the “ ventral segments ” be- 
tween them, are a well-known phenomenon in the 
vibration of strings and rods. The distance between 
two successive nodes is half the wave-length of the 
electric pulse. When the wires are bridged by a 
spark-gap, the nodes are marked by the absence of 
sparks, and the centres of the ventral segments by 
a maximum of sparking. But a more sensitive 
detector of waves is a highly exhausted glass tube, 
which shines out when laid across from one ventral 
segment to the other, but remains dark at the nodes. 
When another bridgo, consisting of a plain wire, is 
added, tho tube generally ceases to respond, since 
all oscillations are disturbed. But if the wire is 
laid across between two nodes, the tube flashes 
out at a corresponding ventral segment, and is not 
extinguished even when all the other nodes are 
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bridged. In this manner the wave-system along 
the wire may bo mapped out, and the wave-length 
determined experimentally. In one experiment, 
whero the frequency was live million per second, 
the wave-length was found to bo 57 metres. Hence 
the velocity of propagation was 5 x 10® x 5700 cm. 
per sec., or approximately 3 x 10 10 cm. per sec. 
This is the velocity of light, and thus wo havo 
the experimental proof that electric pulses are 
propagated atony a wire with the velocity of 
I iyh t. 

By reflecting waves in air from a metallic plate, 
Hertz proved in the same manner that electro-mag- 
netic waves are propagated through air with the 
same velocity. He thus furnished a brilliant prac- 
tical confirmation of Maxwell’s guess, that light 
itself is an electro-magnetic phenomenon, and con- 
sists of electro-magnetic waves of very short wave- 
length. 

The frequency of the discharge of a condenser 
is very great, the oscillations being counted by 
millions per second. Yet it is not great enough 
to give waves as short as those of light. By 
diminishing the capacity and inductance of the 
wave-producing system, Lebcdew succeeded in re- 
ducing the wave-length to half a centimetre. But 
since the wave-length of yellow light is so small 
that 20,000 of its waves go to the centimetre, it is 
clear that our oscillating systems must bo made 
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more rapid bcforo wo can produce light directly by 
motion of electric charges. 

When, however, we recollect that the oscillation 
of electrons about positive atoms takes place with 
a frequency of about 10 15 vibrations per second, the 
phenomena of light receive a simple explanation. 
For every electron describing a straight or elliptical 
path sends out waves of both magnetic and induc- 
tive force, and every electron revolving in a circle 
gives rise to a steady magnetic field, and a revolving 
field of inductive force. 

We have already considered tho oscillation of an 
electron to and fro, and seen that it necessarily sends 
out waves of magnetic and inductive force which, 
when of tho proper size, must become perceptible 
to our eyes as light. If too long, they constitute 
infra-red or heat waves; if too short, they consti- 
tute ultra-violet rays, which are powerfully actinic. 
When, instead of oscillating in a straight line, the 
electron describes an elliptical orbit, it has both a 
change of velocity and of acceleration towards its 
centre of force in the positive atom : but when it 
describes a circle, its velocity is constant. It ex- 
periences a constant acceleration towards the centre 
of tho cii'ole, and this acceleration is effective in 
producing a pulse of inductive forco, though power- 
less to change the velocity with which the electron 
revolves. The direction of tho acceleration is con- 
stantly changing— revolving, in fact — and hence the 
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inductive force revolves also. The wave sent out 
into space is a twirl something like what one may 
produce by laying a string over a table and 
quickly twisting one end of it. If the wave is 
visible as light, it is described in optics as “cir- 
cularly polarised," in a direction depending upon 
the direction of revolution of the electroa When 
the electron simply oscillates to and fro, or appears 
to So so from the point of vision (as a revolving 
electron appears to do when viewed from one side) 
the light is said to be “plane-polarised.” Hut the 
plane of polarisation is not that in which the 
electron oscillates, but is at right angles to it. 
For when an electro- magnetic wave is intercepted 
by glass at a certain angle called the polarising 
angle, the wave is reflected only when the 
electric oscillation takes place in a plane normal 
to the plane ol‘ incidence. This experiment, dis- 
poses of the old controversy with regard to the 
true motion with respect to the plane of polarisa- 
tion. 

When another revolving electron is met. with by 
a circularly polarised wave — a “ twirl/’ as described 
above — it retards or accelerates the revolution of 
the electron. If both revolve in the same direction 
the revolution of the second electron is retarded 
by the inductive pulse, which, as wo have seen, is 
always in the direction opposite to tho motion of 
the charge from which the inductive force proceeds. 
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For tho ..amo reason tho motion of an electron re- 
volving in a direction contrary to the direction of 
tho radiating electron is accelerated. If the elec- 
trons thus impinged upon do not revolve in planes 
normal to the direction of propagation of the pulse, 
their acceleration or retardation will be reduced in 
proportion with the projection of their orbit upon 
the normal plane. But we see in any case that, 
whethor they are accelerated or retarded, the net 
effect of tho pulse is to counteract the magnetic 
field which emits the pulse. This also happens 
when one circuit induces a current in another 
circuit. But note the important difference. In a 
wire the inductivo impulso fritters itself away in 
overcoming the resistance of the wire, and convert- 
ing itself into heat. In freely revolving electrons 
there is no such waste of energy. A magnetic field 
.suddenly established induces a permanent change 
of velocity in the orbital motion of the electrons, 
which lasts until tho magnetic field is annulled. 
That permanent change of velocity always acts in 
opposition to tho field whose creation produced it. 
Now, when a body is magnetised in a direction 
opposed to tho direction of the field, we call it 
"diamagnetic.” Wo nro, therefore, driven to the 
conclusion that all bodies containing electrons in 
orbital motion round atoms arc diamagnetic. The 
Zeeman effect shows that all bodies contain such 
electrons, therefore all known substances are funda - 
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mentally diamagnetic. But since the change 
of velocity actually produced does not exceed 1 
part in 100,000, it is almost inappreciable as a 
rule; and when the orbital circuits influence each 
other sufliciently to swing rouhd into lino, the 
paramagnetic effect is suflicient to completely 
mask the fundamental diamagnetism of tho sub- 
stance. 

The above considerations rnako it clear why some 
substances absorb light while others do not. Those 
substances which contain free electrons not per- 
manently bound to separate atoms allow their 
electrons to follow freely tho magnetic and induc- 
tive forces at play within the light-wave, and the 
motion thus produced is absorbed and frittered 
away into heat. These substances are tho good 
conductors, more especially tho metals. Solutions, 
whose ions have a mobility far below that of elec- 
trons in metals, are much more transparent than 
the latter, and tho insulators, especially those of a 
low dielectric constant, absorb light least. It is 
also readily understood that when electrons in an 
illuminated body happen to be revolving with tho 
same period as the incident light, the change of 
velocity is much greater than if they arc not. Their 
orbital equilibrium is moro easily upset, and tho 
electrons Uy away from thoir atoms and roam at 
large. This is what is called “optical resonance.” 
It accounts for the fact that some wave-lengths of 
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light aro more easily absorbed than others. It 
accounts, in fact, for the phenomena of colour. It 
also makes clear to us why a body absorbs most 
easily light of the same colour and wave-length 
as that which it emits itself— a fundamental and 
important law of radiation. 



CHAPTER XT 


MEASUREMENTS CONCERNING ELECTRONS 

In this chapter I intend to specify the experiments 
which have led to tho general acceptance of the 
electron theory, and brought the scientific world face 
to face with tho electron itself. Hitherto I have 
taken tho electron for granted, and tho reader may 
have been inclined to wish for some evidence of 
the existence of a body over 1000 times lighter 
than the atom of hydrogen, which latter hits 
been until recently regarded as tho smallest pos- 
sible material particle. That evidcnco shall now 
be furnished. 

When a vacuum tube is exhausted to one-millionth 
of an atmosphere, tho luminous phenomena previously 
observed give way to the phenomenon of cathode 
rays, which proceed in straight lines from the 
cathode or negative electrode, and produce a green 
fluorescence on the walls of the tube. 

These cathode rays are electrons, projected by the 
cathode with an enormous velocity. 

That this is so is proved by the following facts : — 
1. The “ rays " convey a negative charge. 

ao 6 
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2. They consist of minute particles of matter. 

3. These particles have a constant charge, amount- 
ing to 3‘4 x 10" 10 electrostatic unit. 

4. The particles have a mass about a thousand 
times smaller than the hydrogen atom. 

5. Thoy move with a velocity little less than that 
of light. 

Theso facts wero gradually recognised as the result 
of a large number of difficult and often highly 
ingenious experiments undertaken with a view to 
elucidate the naturo of cathode rays. When the ex- 
periments wero first undertaken nobody expected to 
find the cathode particles to bo identical with the 
electrons postulated by Lorontz in order to explain 
the Zeeman effect. Many experimenters actually 
thought that the cathode rays wero electro-magnetic 
waves, and claimed to have proved that they were. 
Jt was only when new and crucial experiments were 
mado, and successfully repeated everywhere, that the 
truth was mado manifest to a wondoring world. 
That was in tho yoar 1897, and since that year the 
electron has become tho corner-stone of electrical 
scienco. 

That the cathode rays convey an electric charge 
was already proved by Joan Perrin in 1895. His 
apparatus is illustrated in the diagram (Fig. 29), 
which shows a vacuum tube . provided with two 
electrodes. 

The cathode C is a disc of aluminium, and the 
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anode A B D E is a box of aluminium with an 
opening towards the cathode. Inside this box is 
a hollow cylinder, F, connected with an electroscope 
or an electromotor. When the tubo is sufliciently 
exhausted and a current sent through it, cathode 
rays arc projected from C into the box and the inner 
cylinder, which at once acquires a negative clmrgo. 
That this charge is really due to the rays is proved 



by deflecting the cathode beam with a magnet, 
whereupon F remains uncharged. 

If, then, the rays consist of charged particles, the 
next question is as to the size and charge of each 
individual particle, and the velocity with which it is 
moving. 

There are several different ways of determining 
these. The most obvious way is to exposo the 
particles to a lateral pull. When water is projected 
from a horizontal orifice tho jet describes a parabola 
under the influence of the earth’s attraction. The 
distance to which tho jet carries depends upon tho 
force with which it is projected — in other words, 
upon its velocity. Tho greater that velocity, the less 
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will tho jet fall towards the ground in traversing a 
given portion of its path. Now the cathodo beam is 
a jot of electrified particles, travelling at such a pro- 
digious rate that their weight exerts no perceptible 
effoct upon their path. But stronger deflecting forces 
aro readily available. Since it is the electric field 
between tho cathodo and anode that generates their 
velocity, another field acting at right angles to their 



path will produce a strong deflection. Tho apparatus 
usetl by J. J. Thomson to perform this experiment 
is shown in Fig. 30. C is the cathodo, A and B 
are thick metallic diaphragms serving as tho anode, 
and provided with horizontal slits. The deflecting 
electric field is established between tho plates D and 
E, which aro largo enough to give a fairly uniform 
field. Tho cathode beam is made into a narrow 
horizontal strip in passing through A and B, and 
this strip is bent into a parabola while traversing 
tho field between D and E, and after leaving this 
it continues in a straight lino till it impinges on a 
scalo, F, which measures its deflection. 

Now the effect produced by the deflecting field 

o 
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depends upon three factors. One of these is the 
speed of tlio particles, which wo. havo alroady referred 
to. Another is their electric chargo, which controls 
the force exerted by the field upon them. Evidently 
the greator their chargo tho 'more will tlioy be 
deflected. Tho third factor is tho mass of tho 
particlos. The greater their mass — i.c. their inertia 
— the more force will bo required to deflect them 
from their path. If e is tho charge of a particle, 

and )ii its mass, its deflection is proportional to '• 

This all-important ratio becomes known as soon 
as the velocity of tho particlos is determined. Its 
interest is enhanced by the fact that in electrolysis 
the ratio of tho olcctricity transported to the mass 
transported is fixed for each element, being 95,000 
coulombs per gramme in tho case of hydrogen. The 
discovery of a similarly constant ratio in gaseous 
discharges was therefore eagerly sought after. 

Since there are two unknown quantities, £ and 

v (tho velocity), we require two independent equations 
in order to determine them. The olcctric deflection 
furnishes one equation. The other may bo derived 
either from the magnetic deflection, from the differ- 
ence of potential, or from the heat developed. 

A method devised by Wiechert, and employed by 
d’Arsonval, is particularly effective in determining 
directly the velocity v. It is based upon the deflec- 
tion of cathode rays by a magnetic field. We have 
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seen above (p. 147) that an electron in motion is 
attracted by another moving parallel to it. If the 
electrons were free to move in any direction, and not 
forced to move along a wire, they would approach 
eacli other. A wire bearing a current exerts a 
similar “magnetic” force upon moving electrons by 
virtue of the electrons moving along it. The force 
is directed towards the wire; but since the “lines 
of. magnetic force” (i.e. the lines along which a 
magnetic polo would move) aro circles round the 
wire, the attraction exerted upon a moving electron 
is at right anglos to the linos of magnetic force. If, 
therefore, a vacuum tube is placed between two 
magnet poles so that the magnetic linos of force cross 
the path of the cathode rays horizontally, the rays 
aro deflected up or down according to the polarity of 
the lines of force. When the magnetic fiold is due to 
the poles of an electro-magnet fed by an alternating 
current, the cathode beam is deflected up and down 
with tlio frequency of the alternate current itself, and 
the fluorescent spot which it produces on the glass 
wall, or bettor, on a special fluorescent screen, moves 
up and down as the direction of the current changes. 
Now it is found that whatever may bo the frequency 
of an alternating current, tho luminous spot follows 
the alternations instantly. No. undulation can be 
observed along the cathode beam as it is observed in 
the case of a ropo swung up and down at one end. 
This shows already, without further confirmation, 
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that an almost incredibly short time must elapse 
between the cathode particlo leaving the cathode 
and arriving at the wall. But tho time taken can be 
actually measured by means of two successive electro- 
magnets placed some distance -apart and traversed 
by the same high-froquoney current. M. d’Arsonval 
succeeded in bringing a current of tho enormous 
frequency of 10,000,000 oscillations per second to 
bear upon the rays. He then placed a slit just 
beyond tho first electro-magnet, so as to shut off 
all tho cathode rays except those which produced 
the luminous spot highest on the screen. These are 
tho rays that passed tho first magnet, just at tho 
maximum of magnetisation in one direction. On 
passing tho second electro-magnet , tho cathode rays 
are again deflected in the same direction; but on 
placing the electro-magnets further apart and taking 
care that they are always in tho same magnetic state 
at a given instant, a position is found in which the 
second electro-magnet produces no further deflection. 
This happens when tho time taken by tho cathode 
rays to traverse the distance between the two electro- 
magnets is one-quarter of tho period of the alternat- 
ing current ; for then the magnetising current, being 
midway between two opposite maxima, is zero. Now 
the period being a 10,000,000th of a second, this 
quarter-period is a 40,000,000th of a second. M. 
d’Arsonval found the proper distance between the 
electro-magnets to be 75 centimetres. Honco the 
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speed of propagation of the cathode rays or projected 
electrons was 75 x40 millions = 3000 million cm. per 
sec., or one-tenth of the velocity of light . 

This startling result loads to some surprising con- 
clusions. The velocity is a million times greater 
than that of the fastest express train, and a milli- 
gramme of matter moving with that speed has ten 
times the destructive energy of a railway train at top 
speed. 

This velocity being known, the ratio -- can be 

determined from the electrostatic deflection. But it 
is simpler to determine it from the magnetic deflec- 
tion itself. The magnetic force upon the electron is 
always at right anglos to its path. That patli must 
therefore bo an arc of a circle as long as it lies in the 
magnetic field and the field has a constant strength. 
The curvature of the path may be calculated from 
ordinary mechanical principles. The centripetal 
forco equals the product H e v, where II is the 
magnetic field and e the charge. The centrifugal 

force is hl v ", where m is the mass of the electron, 0 

r 

its velocity, and r the radius of curvature. Hence 
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The value obtained by Wiechert in 185)9 was 
465 x 10 13 , meaning that a gramme of cathode rays 
represents a charge of 4G5.000 billion electrostatic 
units or “companies” of electrons. 

Instead of measuring tho velocity, it may be 
eliminated between two equations by calculating it 
from the observed d.ifferonco of potential, which must 
impart to tho particles a velocity simply depending 

upon In this manner, Kaufmann found, in 1898, 

the value 558 x 10 15 , and Simon in 1899 : 5 5 9 '5 x 10 16 . 
Other methods, capable of greater or less accuracy, 
have been devised and employed by J. J. Thomson, 
Lenard, Beequcrel, and others ; but thoy all confirm 
the order of magnitude found abovo. 

A very important and significant observation made 

by all was that the ratio f depends neither upon the 

gas contained in tho vacuum tubo nor upon the 
metal of tho electrodes. This result is surprising if 
the cathode rays are atoms of ordinary matter. It 
would mean not only that ordinary matter is capable 
of travelling with a speed approaching that of light ; 
but that every atom has an electric charge propor- 
tional to its weight. For such a state of things there 
is no precedent. In electrolysis every atom conveys 
a charge proportional to its valency and quite in- 
dependent of its weight. Tho atoms of magnesium, 
zinc, and cadmium, whose weights are in the pro- 
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portion of 24 : G5 : 112, each convey exactly the 
same quantity of electricity through the electro- 
lytic cell. It would bo strange if the amounts of 
electricity they conveyed through the vacuum tube 
wero as 24 : 65 : 112. 

But there is an o' /on more remarkable difference 
between cathode rays and electrolysis. In electrolysis 

the ratio * , or the charge conveyed by unit mass of 

the electrolyte (or required for decomposing it), varies 
from one metal to another, m changing from one 
atom to another, while e remains constant except for 
changes of valency. For hydrogen, the lightest of 

the known elements, the ratio - e is 0 286 x 10 15 , or 

tn 

about 2000 times smaller than the same ratio for 
cathode rays. This means that the mass conveying 
the atomic charge is either 2000 times larger than 
tho mass of the cathode particle, or that the charge 
of the hydrogen atom is 2000 timos smaller than 
that of the cathode particle. 

The former alternative seemed barred by the im- 
possibility of assuming the existence of anything 
smaller than the atom of hydrogen. Tho whole 
tradition of the atomic theory rebelled against such 
an idea. Nevertheless tho next great step in dis- 
covery was the momentous one of determining the 
actual charge and the actual mass of the cathode 
particles, and thus to establish not only the existence 
of material particles much smaller than atoms, but 
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tho existonco of a primordial form of electric matter 
hitherto unknown. 

The Cavendish Laboratory at. Cambridge will 
be for ever memorable as tho place whero this 
momentous measurement was first carried out. 
The measurement was in the' first instance not 
made with cathode rays, but with tho slowly moving v 
particles which aro tho chief agents in gaseous 
conduction. 

When a gas is put into a conducting state, say, by 
exposure to Rbntgen rays, it remains for a littlo 
time in that state, even alter tho rays have ceased. 
If, however, the gas is bubbled through water, or 
filtered through a plug of cotton wool, its con- 
ductivity disappears. Again, when tho gas is passed 
between two plates, ono of which lias a high negative 
charge, while the other is insulated, the negative 
particles will all bo driven against tho insulated 
plate, and their total charge can bo measured by 
an electrometer connected with tho plato. This 
charge is evidently equal to n e, whore v is the 
number of particles, and e their charge. Tho total 
charge n e being measured, it remains to detormine 
n in order to find e, tho charge on each particle. 
This is J. J. Thomson's famous “counting oxperi- . 
ment,” which is best described in his own words : 1 — 
“The method by which I determined n was 
founded on the discovery by C. T. R. Wilson, that 

1 J, J. Thomson, “ Electricity and Matter,” 1904, p. 75. 
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tho charged particles act as nuclei round which small 
drops of water condense when tho particles are 
surrounded by damp air cooled below the satura- 
tion point. 

“In dust-freo air, as Aitkon showed, it is very 
difficult to get a fog when damp air is cooled, since 
/there are nc> nuclei for the drops to condense around. 
If there are charged particles in the dust-free air, 
however, a fog will bo deposited round these by a 
suporsaturation far less than that required to pro- 
duce any appreciable effect when no charged particles 
arc present. Thus, in sufficiently supersaturated 
damp air, a cloud is deposited on these charged 
particles, and they are thus rendered visiblo. This 
is tho first step towards counting them. Tho drops 
are, howovor, far too small and too numerous to 
be counted directly. \\ r o can, however, get their 
number indirectly as follows : Suppose wo have a 
number of these particles in dust-freo air in a closed 
vessel, tho air being saturated with water vapour. 
Supposo, now, that wo produce a sudden expansion of 
the air in tho vessel. This will cool tho air ; it will 
be supersaturated with vapour, and drops will bo de- 
posited around tho charged particles. Now, if we know 
tho amount of expansion produced, we can calculate 
tho cooling of tho gas, and therefore tho amount of 
water deposited. Thus wo know tho volume of water 
in the form of drops, so that if wo know tho volume 
of one drop wo can deduce the number of drops. 
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To Hud the size of a drop wo make use of :m investi- 
gation by Sir George Stokes on the rate at which 
small spheres fall through tho air. In consequence 
of the viscosity of tho air small bodies fall exooed- 
ingly slowly, and the smaller they are the slower 
they fall. Stokos showed that if a is tho radius of a 
drop of water, iho .velocity v with which it falls 
through the air is given by tho equation 

2 r/a* 

where g is tho acceleration due to gravity = 981, 
and fx the cootliciont of viscosity of air = 0 00018. 
Thus 

v = l*21 x 10W; 

hence, if we can determine v wo can determine the 
radius, and hence the volume of the drop. But v 
is evidently the velocity with which tho cloud round 
the charged particle settles down, and can easily bo 
measured by observing tho movement of tho top of 
the cloud. In this way 1 found tho volume of 
the drops, and thence n the number of particles. 
As 7 ? e had been determined by electrical measure- 
ments, the value of e could be deduced when n was 
known. In this way 1 found that its value is 

3*4 x 1 O' 10 electrostatic e.g.s. units. 

Experiments were made with air, hydrogen, and car- 
bonic acid, and it was found that the ions had the 
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same i harge in all these gases — a strong argument in 
favour of the atomic character of electricity.” 

Tho ratio ^ is the same for cathode rays, for 

negative carriers of gaseous discharges, and for the 
negatively electrified particles emitted by metals 
when exposed to ultra-violet light, or raised to the 
temperature of incandescence. In each case the 
charge of each particle is the same, while its mass is 
less than a thousandth of the mass of the hydrogen 
atom. J. J. Thomson proposed the name “corpuscle" 
for theso natural units of negative electricity. 
“ These corpuscles are the same, however the electri- 
fication may have arisen, or wherever they may have 
been found. Negative electricity in a gas at a low 
pressure has thus a structure analogous to a gas, the 
corpuscles taking the place of the molecules. The 
‘negativo electric fluid,' to use tho old notation, 
resembles a gaseous fluid with a corpuscular, instead 
of a molecular, structure.” 

Instead of tho word “corpuscle,” the new word 
“electron," proposed by Dr. G. Johnstone Stoney, 
has now been almost universally adopted as being 
more specialised and unmistakable. Prof. Thomson 
sums up his conclusions in the following passage, 
in which I have substituted “ electrons ” for “ cor- 
puscles ” : 1 — 

“These results lead us to a view of elect rifica- 


4 J. J. Thomson, “ Electricity and Matter,” 1904, p. 88. 
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tion which has a striking rosomblancc to that 
of Franklin’s • One-Fluid Theory of Electricity.’ 
Instead of taking, as Franklin did, the elec! rie fluid 
to bo positivo electricity, wo tako it to ho negative. 
The ‘electric fluid’ of Franklin corresponds to an 
assemblage of electrons, negative electrification being 
a collection of thoso electrons. Tho transference of 
electrification from one placo to another is oflbctcd 
by the motions of electrons from tho place where 
there is a gain of positive electrification to the place 
where there is a gain of negative. A positively 
electrified body is one that has lost some of its 
electrons. Wo have soon that the mass and charge 
of the electrons have been determined directly by 
experiments. We in fact know more about the 
‘electric fluid’ than wo know about such fluids as 
air or water.” 

Since theso remarkable experiments were per- 
formed, they have boon repeated again and again 
with constantly increasing precision. Tito electrons 
have been rediscovered in several other fields of 
research, notably the phenomena presented by 
radium, one of whose radiations is constituted by 

cathode rays or projected electrons. Tho ratio ~ 
and tho values of e and m arc now known with 
considerable accuracy, though tho ratio is still 
much better determined than its two constituents. 
Side by side with the advances on tho experimental 
side have been the theoretical advances. Tho 
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electron theory has been developed in its mathe- 
matical aspects, and has given occasion for many 
notable results and speculations. But the measure- 
ments made between 3800 and 1898 and outlined 
above form the foundation on which the imposing 
structure of the electron theory has since been 
raised. 



CHAPTER XII 

ELECTRICITY AND LIGHT 

The discovery that light consists of waves of electric 
and magnetic force (p. 200) has vastly extended the 
spheres both of electrical and of optical science. 
But that discovery was made before the days of 
the electron theory, and was embodied mathe- 
matically in a set of differential equations, having 
but a slender connection with the structure of actual 
matter. The electro-magnetic theory of light re- 
placed the older theory, which regarded the ether 
jus behaving like an elastic solid wherever very 
rapid vibrations were concerned. But the experi- 
mental basis of the eleotro-magnetie theory was 
meagre, and it left a vast array of facts entirely 
unexplained, notably those of the absorption and 
dispersion of light. Indeed, its chief exponents 
were always careful to point out that thoy knew 
nothing concerning tho intimate structure of those 
materials whose specific inductive capacities or 
magnetic permeabilities figured in their formulae. 
In his “ Theory of Optics,” Prof. Schuster refers 
to this tendency as follows: — 

“There is at present no theory of optics in tho 
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sense that the clastic solid theory was accepted fifty 
years ago. We have abandoned that theory, and 
learnt that tho undulations of light are electro- 
magnetic waves differing only in linear dimensions 
from tho disturbances which are generated by oscil- 
lating electric currents or moving magnets. But so 
long as the character of the displacements which 
constitute the waves remains undefined, we cannot 
pretend to have established a theory of light. This 
limitation of our knowledge, which in one sense is 
a retrogression from tho philosophic standpoint of 
the founders of the undulatory theory, is not always 
sufficiently recognised, and sometimes deliberately 
ignored. Thoso who believe in the possibility of a 
mechanical conception of the universe, and are not 
willing to abandon tho methods which from the 
time of Galileo and Newton havo uniformly and 
exclusively led to success, must look with the 
gravest concern on a growing school of scientific 
thought which rests content with equations correctly 
representing numerical relationships between diffe- 
rent phenomena, even though no precise meaning 
can bo attached to the symbols used. Tho fact that 
this evasive school of philosophy has received somo 
countenance from tho writings of Heinrich Hertz, 
renders it all tho more necessary that it should be 
treatod seriously and resisted strenuously.” 

Tho electron theory, by dealing with tho elemen- 
tary carriers of olectricity, has brought a powerful 
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new weapon to bear upon optical problems, and has 
already accomplished a great deal in the way of 
their elucidation. But it will be some time before 
the facts of optics arc completely marshalled in 
order, and linked with those of chemistry, elec- 
tricity, and magnetism. Their variety is almost 
infinite, and their full explanation involves revolu- 
tionary changes in the theory, not alone of optics, 
but of chemistry as well. 1 shall, therefore, have 
to content myself with a brief outline of the main 
facts. 

((f) Refraction . — All electro-magnetic waves are 
transmitted with the velocity of light (.‘>xlO l ° cm. 
per sec.) in media free from electric charges. This 
is one way of stating the electron theory of refrac- 
tion. It means that when the progress of a wave 
is retarded, that retardation is duo to the presence 
of electrons or positive atoms. It is this presence 
of electrons which accounts for the specific inductive 
capacity or dielectric constant of a medium (see p. 
62), and Maxwell's theory indicates a simple rela- 
tion between the velocity of propagation v of an 
electro-magnetic wave through a medium, and its 
dielectric constant K. It is as follows : — 



that is to say, the square of the velocity of the wave 
varies inversely as tho dielectric constant. Lot us 
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see what information our theory can give us in this 
matter. 

The force between two charged bodies possessing 
charges E and E 1 , and placed d cm. apart, is 

EE 1 
K d 2 ' 

That is to say, the force decreases as the dielectric 
constant increases. Now, according to our theory, 
a “dielectric” is a body consisting of molecules or 
atoms, to which electrons are closely attached in 
such a manner that very few of them roam at large 
among the atoms. When a dielectric is introduced 
between two condenser plates charged positively and 
negatively respectively, tho electrons arc pulled to- 
wards the positive plate, and the positivo atoms 
towards tho negative plate. Each electron is, there- 
fore, separated from its atom ; but not so far as to 
bo pulled away by tho next atom. The electrons on 
the surfaoo facing tho positive plate will constitute 
a negative surface charge, and the positive atoms 
facing the negative plate constitute a positive sur- 
face charge ; and these surface charges, by freeing tho 
interior of the dielectric from somo of tho electric 
force, reduce tho internal field, and thus also reduce 
the difference of potential between tho condenser 
plates, thereby increasing tho capacity of the con- 
denser. So much for the dielectric constant. 

Now, as regards tho propagation of waves. Let an 

P 
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oscillatory current surgo up and down one of the 
plates; in other words, let tho Iroo electrons in the 
plate bo made to oscillate up and down in rapid 
succession. This, as explained on p. 179, leads to a 
downward and upward thrust of all electrons in tho 
neighbouring space. In tho upper half of its path 
tho oscillating electron is exposed to a downward 
force, and therefore sends out an upward impulse 
into surrounding spuco. Any electron which follows 
this impulse will therefore oscillate in a reverse 
direction, and will neutralise to some extent tho 
effect of tho original oscillation in tho spuco beyond, 
just as in transmitting oscillations along a stretched 
string the weight of an element of length shields tho 
further dements tor a short time. The moro elec- 
trons capable of oscillation there arc in tho dielectric, 
and the holder the forces which tend to keep them 
in position, the slower will be the rale at which an 
electric wave is propagated. These aro tho same 
conditions as thoso which account for a high 
dielectric constant. It is, therefore, clear that a 
high dielectric constant means a slow rate of wave- 
propagation, and vice versa. The exact numerical 
relation between the two quantities is not apparent 
from these simple considerations ; but a glance at 
tho ordinary laws of w r avo-propagation will explain 
Maxwell's law in an elementary manner. Whenever 
a wave is propagated through a medium,- we find 
that the velocity of propagation is proportional to 
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the square root of tho force which tends to bring 
back 1 ho body into its place when pulled out of it. 
Now, in tho case of an electron subject to periodic 
impulses in opposite directions, the velocity with 
which it follows the impulses of the original oscilla- 
tion and those of other intervening electrons depends 
upon the strength of the impulses so transmitted 
Now, tho force across a dielectric varies, as we have 
soon above, inversely as tho dielectric constant K 
Hence the velocity of propagation, which varies as 
tho square root of the force, will vary as 1 / JK 
Hence 



This relation holds good as long as the oscillation* 
in tho condenser plato arc slow, and far below the 
natural period of oscillation of electrons about their 
positive atoms. 

When an elect ro-magnetic wave reaches a dielec- 
tric, its velocity is reduced. When it hits its surface 
at right angles, it is propagated in the sumo direc- 
tion, only more slowly than before, and the wave 
front is always parallel to the surface. When, how- 
ever, tho wave arrives at an angle to tho surface, 
tho portion which arrives first begins to bo retarded 
sooner than the rest, and tho wave front is bent 
round or “ refracted." Tho laws of refraction are 
adequately dealt with in the older textbooks of 
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(b) Di‘Sj»en*tt»rt <nul (\>hnu \ — Prismatic clTocts ami 
dispersion generally are duo to some waves huing 
propagated more slowly than others. 'I ho) r arc 
therefore refracted to diiVerent degrees, and separated 
into the well-known optical spectrum. This pheno- 
menon is called dispersion. It is memorable that 
the theory of dispersion was tho breeding-ground of 
tho electron theory. A theory involving the dis- 
placements and vibrations of elementary charges 
had been applied to dispersion by Prof. Loren tz, of 
Amsterdam, for several years before it was confirmed 
by the discovery of the Zeeman etfoct. In fact, tho 
phenomena of dispersion had always been the great 
stumbling-block in tho way of the Maxwell- Hertz 
theory, which told 11s nothing about them. The 
electron theory of dispersion lias been worked out 
mainly !y Schuster in Manchester and Drudo in 
fJiesscn. Tt i.s embodied l»y the latter in an equation 1 
which might as well he quoted here, as it states the 
matter very («»n<*isely. It is 

In this equation n is the refractive index, N tho 
number of electrons per cubic centimetre, \ the 
wave-length of the incident light, L the wave-length 
of the natural wavo emitted by tho electrons in their 
ordinary oscillation, and 6 is inversely proportional 
to the force tending to keep the electrons in their 
1 P. Drudc, Annalen tier I’hyttlc, No, 0, 1904, p. 081. 



ELECTRICITY AND LIGHT 229 

central positions. For short, wo might call 6 the 
“ laxity.” 

Many interesting results may bo read in this 
equation. In tho lirst place, if N = 0, n 2 = 1, and 
n = 1 . That is to say, the velocity in the dielectric 
is the same as in pure ether. It is only the electrons 
which retard tho wave. Further, the greater the 
" laxity " 0, tho greater is the refractive index, and 
the slower the wave in the dielectric. This has 
already been mentioned under refraction. 

The lirst and second terms on tho right-hand side 
aro independent of tho wave-length and if only 
those terms had to bo considered, there would be no 
dispersion. The third term, however, involves X, and 
wo see at oneo that its amount depends both upon 
tho wavo-longth of the incident light and the natural 
waves emitted by the vibrating electrons. If X is 
very largo in comparison with L. we may neglect L 2 
in comparison with X 2 , and put \~ — L- — \ 2 , and tho 
third term becomes approximately 

_ N A I.-' 

X* - 

As X becomes gradually smaller, this term becomes 
gradually larger, and hence also ti becomes gradually 
largor. This means that the shorter the wires are 
the more they are refracted. Any ouo observing a 
spectrum formed by a prism will see that the bluo 
rays, which have a shorter wave-length, aro more 
deviated than the rod rays, which have a greater 
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wave-length. This is what is called normal dis- 
persion. 

When \ is extremely large — i.e. the incident 
oscillation extremely slow — the third term becomes 
zero, and tho equation reduces to 

n* = 1 + N 0 . 


This is independent of tho wave-length, so that 
fv i"j Unt;/ ti'io'cx net <J is]" wd. They are all pro- 

pagated with tho same velocity, which simply depends 
upon the density and “ laxity ” of the electrons in the 
medium. This dependence may bo arrived at by 
remembering that the “refractive index” •» of a 
medium is the ratio of the velocity of propagation of 
light in tho ether to the velocity in the medium — 



where Vj is 3 x 10’" cm. per sec. Thus wo liavo 
^ = 1 + N*. 


Or 


Y 2 

V 2 — ' 1 

" 1 + N 0 


This last equation teaches us several valuable 
things. For long waves, tho velocity of propagation 
in a dielectric depends upon I lie velocity in the ether, 
and upon a term involving tho density and laxity of 
the electrons in tho medium. Tho more electrons 
there are, and the more easily they are displaced from 
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their positions, the more slowly will the long waves 
travel through them. But we have also sees that 


Therefore we have 


V,* _ 1 

r+ jrs ~ k* 


or 


K 1 + N 0 
K " V, 


This is an important formula defining the specific 
inductive capacity (or "dielectric constant ") K in 
terms of tho electron theory. It may be calculated 
if we know the density and laxity of the electrons in 
the substanco. And, conversely, wo may calculate 
the product of tho density and laxity if we know 
thcdiel ectric constant. 

To return to Drudo's equation — 


««■ 


1 + X 0 + 


X ft I.* 


When \ becomes smaller and smaller the third 
term becomes larger and larger, and tho refraction 
becomes more and more pronounced. When \ = L — 
i.e. when the incident light has the natural periods of 
the electrons — an extraordinary situation is created. 
The denominator becomes zero, and therefore the 
whole fraction becomes infinite. Hence n 2 also 
becomes infinite, and the velocity of propagation 
becomes zoro. The mive is stopped. If x decreases 
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still further, .the denominator increases again, but 
becomes a negative quantity. This means that the 
refractive index is diminished instead of being in- 
creased. When the difference X 2 - L 2 is still ex- 
cessively small, the third torm is an excessively large 
negative quantity, and may well bo much larger than 
the second term. In this caso we shall have the still 
more extraordinary situation that is smaller than 
unity: in other words, that a vibration veiy slightly 
shorter than the natural vibration of the electrons 
is propaynUd with a velocity (/miter than that of 
In/ht. 

When \ diminishes still further tho denominator 
increases and t lie third term as a whole becomes 
smaller. The limit is reached when X -0, ami then 
wo have 


»-l+ShN -• l + 2 N 6, 

so that here again wo have a limiting value for 
infinitely short waves, which is somewhat higher 
than the value for infinitely long waves, and again 
independent of tho wave length. Infinitely short 
waves are therefore not dispersed cither. 

In general, we have the important conclusion that 
electrons or other charged bodies only influence tho 
velocity of propagation of tho incident wave tvhen 
the period of oscillation of that wave happens to be 
not very different from their own . 
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The extraordinary occurrences which take place 
when the two periods of oscillation nearly coincide 
are known as anomalous dispersion. 

(c) Absorption and Reflection . — When the wave- 
length of the incident light-wave happens to* be the 
same as the natural wave-length emitted by the 
electron, the wave is stopped. As we have seen in 
the elementary case investigated above, the elec- 
trons are always in the phase opposite to that of the 
original oscillation. They, therefore, compensate the 
incident wave, and prevent it from exerting any 
effect inside tho body. But in doing so they must, 
of course, absorb more energy than they do in their 
natural state. The usual consequence is that they 
are shaken and swung out of their normal orbit in 
the neighbourhood of their positive atoms, and shot 
off into tho interior of tho substance, there to roam 
at largo and collide with other atoms in rapid suc- 
cession. Each of these collisions means a stoppage 
of an electron, and hence an electro-magnetic wave 
impulse. These irregular impulses constit ute radiant 
heat, which travels away into space and is lost. The 
whole process is termed absorption. It means that 
tho incident light is not transmitted, but converted 
into heat in the manner stated. 

But it may happen that tho electrons are not 
thus shaken off, but continue to vibrato in accord- 
ance with the period of the incident vibration, or 
rather, half a period behind it. Then they will 
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practically constitute a set of independent sources 
of light, and will radiate the light out into the space 
on the sido of the incident light. In fact, we shall 
have reflection. When the surface is quite smooth, 
and dotted evenly with electrons of tho same period, 
the reflection will be “ rogular ” or geometrical. The 
angle of reflection *vill bo oqual to tho angle of 
incidence. Tho explanation is the same as that 
given in the ordinary toxt books, and is based upon 
lluyghen’s principle. 

In practice, it is found that most bodies can bo 
'■ polished,” and that all bodies reflect some light. 
This means that all known bodios contain some 
electrons, however small in number, which vibrate 
in the period of tho incident light. 

(</) Polarisation . — Light may consist of various 
species in accordance with the manner in which the 
electro-magnetic vibration takes place. When tho 
electron vibrates in the same straight vertical line, 
the light is said to be plane-polarised in a horizontal 
plan*;. When it vibratos in a circular orbit, the light 
emitted along the axis of the orbit is "circularly 
polarised,” and this circular polarisation may bo 
either right-handed or left-handed, according to the 
direction of rotation. When the orbit, is au ellipse, 
the light is elliptically polarised. Finally, the elec- 
trons, or a large aggregate of them, may send out 
light in all kinds of polarisation in turn, and then 
we have ordinary or natural light. 
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Ordinary light may bo converted into plane polar- 
ised light by sending it through a body whose elec- 
trons are capable of vibrating in one plane only, as 
in tourmaline. The transmitted light will then be 
found to bo plane-polarisod in a piano at right angles 
to that direction of vibration. 

(e) Double Refraction . — Calcspar is a carbonate 
of calcium of the formula CaC0 3 . Each molecule 
contains five electrons capable of vibrating pr;tty 
freely. But only two of these aro capable of vibrat- 
ing in the direction of the crystallographic axis. 
Tho otlior throe, if they vibrato along that axis at 
all, do so with a very great rapidity, implying a very 
small “laxity,” 6. The consequence of this is that 
when a beam of light is sent through ealespar at 
right angles to the axis, only two electrons per 
molecule take part in the vibration. The term N t> 
in Prude’s equation is small. Henco the refractive 
index is small, and tho velocity of propagation great. 
When, on the other hand, a beam of light is sent 
along tho axis, all tho five electrons aro free to take 
part. N 6 is larger, n is larger, and tho velocity is 
smallor. Hence light is more slowly transmitted 
along tho axis than across it. This gives rise to the 
phenomena of double refraction. 

(f) Optical Rotation. — When a plane-polarised 
beam of light is transmitted through turpentine, a 
sugar solution, a plate of quartz, or other substances, 
its plane of polarisation is found to have been turned 
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on emergence. This would be difficult to explain 
but for the fact that a harmonic vibration in a 
straight line may always be considered as made up 
of two circular vibrations in opposite directions. 
One of these circular vibrations is transmitted 
with greater speed than the other, and when the 
two circular beams recombine into a piano-polarised 
beam on emergence, the piano has been turned round 
in the direction of the circular vibration which Inis 
been transmitted more rapidly. 

[n crystals this rotation may bo considered as 
due to a greater ease of acceleration of electrons in 
one direction than in another, owing to the con- 
figuration of the atoms in the molecule and the 
piling of the molecules in regular rows. In solutions 
and liquids, on the other hand, it must he due to 
unsyminctrical structure of the molecule alone, which 
is the same from whichever side it is viewed. For 
the rotation takes place in the same sense whatever 
may be the direction of transmission. As a matter 
of fact, Becquerel has shown that the molecules of 
all substances showing optical rotation (or “rotatory 
polarisation”) in the liquid state, contain uusaturated 
carbon atoms. 



CHAPTER XIII 


M AUN'ETO-OPTIU PHENOMENA 

The connection between magnetism and light was 
long sought after before the time of Faraday, who 
was the first to discover a phenomenon linking those 
two domains of physics. It is now known that 
magnetism influences the plane of polarisation of 
light, both when the magnetic field is applied to 
tlio source of light and when it is applied to the 
material which transmits the light. The first effect 
is known as the Zooman offect. The last is called 
magneto-gyration or magneto-optic rotation, and 
includes the effects discovered by Faraday, Kerr, 
and Macaluso and Corbino. 

(«) The Zee until Effect . — In dealing with the pheno- 
mena of radiation and of diamagnetism, wo have 
become familiar with the effect of a magnetic field 
upon the rato of revolution of an electron round a 
positive atom. We have seen that whatever change 
it produces, that cliango tends to oppose the mag- 
netic field which produces it. Diamagnetism is a 
kind of permanent electro -magnetic induction. Wo 
know that induced currents are always opposed to 
the charge which induces them. It is as if the 

*37 
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electric momentum — the momentum of oloctric 
charges — destroyed in ono body reappeared in 
another, just as in a collision tliorc is a transfer 
of momentum; but the sum of all momenta re- 
mains the same, action and roaetion being equal 
and opposite. Ordinary induced currents aru of 
short duration, simply because the electrons sot 
in motion fritter away all their energy in collision 
with neutral atoms. If tho inducod currents are 
of molecular dimensions, and consist in tho accele- 
ration or retardation of tho rato of revolution of 
the electron round tho positive atom, they are 
permanent so long as tho inducing Held remains 
at the same value. When tho held is annihilated, 
the acceleration it produced is converted into a 
retardation, and rice r ert*i. 

All bodies arc fundamentally diamagnetic, and 
in all of them, therefore, tho effects above indicated 
take place whenever the magnetic held changes. 
They are brought into ovidoneo by the magneto- 
optic effects now to be described. 

That a magnetic held exerts an action upon tho 
light transmitted through a magnetised medium 
was already known since Faraday’s last researches. 
But an effect of a magnetic held upon the spectrum 
of a flame, that is to say, upon a source of light, 
had been looked for repeatedly without success. 
Tho credit of having discovered this effoct and 
furnished its mathematical explanation belongs ox* 
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clusively to Holland. Dr. P. Zeeman, of Leyden, 
announced his discovery in 1897, having failed 
on a previous occasion to find any effect. With 
tho . aid of a strong magnet and better spectro- 
scopic apparatus than any of his predecessors had 
used, Zocman attacked tho problem the second 
time with success. Ho placed a Bunsen flame 
containing common salt between the poles of the 
electro- magnet and focussed the light on the slit 
of his spectrometer, arranging tho flame so that 
tho D-lincs wore sharply defined. As soon as the 
magnet was excited both lines widened out very 
much. By a careful series of subsidiary experi- 
ments ho showed that tho widening was due directly 
to the action of tho field, and was not a secondary 
effect such as might bo caused by changes of density 
in the flame. 

These results were communicated before publica- 
tion to Prof. Lorentz, who showed Dr. Zeeman that 
the widening could bo predicted from Loreutz’s 
theory that light is generated by the vibrations 
of electrically charged particles or electrons; and 
that tho same theory indicated that the edges of 
the widened lines should be plane- polarised or 
circularly polarised according as the light falling 
upon tho slit canto from the sourco in a direction 
perpendicular or parallel to the lines of magnetic 
force, and that tho amount of tho tvidening would 
give tho ratio of the charge to tho mass of the 
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luminous particles. Zooman was ablo to verify 
fully the predictions as to polarisation, and do- 
duced from Lorentz’s equations, as a rough value 

for tho ratio tho value 10' electro-magnetic units 

per gramme. This is about one-half of tho value of 
tho ratio for electrons as determined subsequently. 

Further investigation soon showed that tho ap- 
parent broadening of tho lines was in reality duo 
to their being split up into several components. 
This split ing up was different in accordance with 
the direction along which the beam of light from 
the source traversed tho magnetic field. When tho 
source was viewed along tho lines of magnetic forco 
the D-lines appeared double, and when the line of 
view was at right angles to the lines of force the 
D-lines appeared treble. The polarisation of tho 
lines also differed according to the lino of view, 
the doublets consisting of two lines circularly 
polarised in opposito directions, and tho triplets 
consisting of plane- polarised lines, the piano of 
tho central line being at right angles to that of 
tho side lines. These various effects were com- 
pletely accounted for by tho electron theory tenta- 
tively formulated by Prof. Lorontz of Amsterdam. 
This theory had been regarded as purely speculative 
until it received this startling confirmation. Tho 
discovery of tho Zeeman effect, in conjunction with 
Thomson’s counting experiment, made the specula- 
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tion into a theory of unprecedented generality and 
fruitfulnoss. 

In viow of the importance of the Zeeman effect, 
I shall endoarour to make its theory as clear as 
possible, and the student will do well to master it, 
even at tho cost of somo effort. 

Lorentz’s theory supposed that luminous vibra- 
tions aro duo to tho rotation of “ electric mole- 
cules ” about attracting masses. Lorcntz kiic.v 
nothing about the charge or mass of these mole- 
cules when he formulated his theory, and does 
not seem to have suspected their identity with 
tho carriers of electricity in electrolysis. lie sup- 
posed them to rotate in all kinds of directions at 
random, and in orbits varying from a circle to an 
ellipse, and even a straight line. Knowing that 
a charged body is deflected out of its path by a 
magnet, he was quito prepared to And that tho 
orbits were influenced by a magnetic field, but 
had no data to enable him to guess whether such 
an offect could bo discovered experimentally. But 
when tho effect was observed, his theory enabled 
him at once to explain it, and oven to give parti-, 
culars which had not yet been observed, but which 
further experiments immediately verified. 

Consider a boam of light from a sodium flame 
mounted between tho poles of a powerful electro- 
magnet, giving a fiold of 5000 units, and viewed 
along the lines of magnetic force, through per- 

Q 
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i'orations made for that purposo iji tho pole-pieces. 
A delicate spectrometer shows tho two yellow sodium 
lines Dj and 1\, having wave-lengths of . r >8!Hi and 
580'0 x 10* : cm. respectively, with a dark interval 
between them. As soon as tho olectro-magnct is 
excited, the lines broaden out to nearly twice their 
ordinary width, and' when a larger magnifying power 
is used, each lino is seen to bo split into two, the 
interval being about sotli of that botwoon tho origi- 
nal lines. This means that tho period of tho original 
vibration has been changed by about 100000 th of its 
value in each component. This effect is very small, 
but still discoverable with tho best modern apparatus. 

The original vibration thus modified consists of 
the rotation of electrons about positive atoms. 
These take place in all sorts of pianos, but we 
need only consider tho projections of their orbits 
upon the cross-section of the beam of light, sinco 
only transverse vibrations aftbet the oyo. And 
hero again, wo need only considor circular orbits, 
since all others can bo reduced to them. Those 
circular rotations can take place in a clockwise or 
anti-clockwise direction. Likewise, tho molecular 
electron currents in the magnet can be in the two 
directions. Lot them be clockwise as seen by the 
observer ; that is to say, lot the polo furthest from 
tho observer be a north-seeking polo. Then all 
the clockwise electrons in tho fhunc will be re- 
tarded, and all the anti-clockwise oloctrons will be 
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accelerated, according to tho laws of electro-magnetic 
induction. Tho difference in tho period thus pro- 
duced is, according to Loren tz — 

V 

f= e . “t* 
m 4tt 

whero t is the difference of periodic time, 1 is 

the ratio of charge to mass*of the electrons, H the 
magnetic field, and T the original period of all 
electrons constituting tho original vibration. In- 
stead of all tho electrons having the same period, 
wo shall have one set with a longer period, and 
the other with a shorter period. The difference 
of period means a difference of wave-length and a 
difference of refraction, and hence also a separation 
in tho spectrum. This is the Zeeman effect as 
seen in the direction of the lines of force. It will 
bo readily seen that it gave Prof. Lorentz a welcome 

opportunity of calculating the important ratio * n , 

since all tho other quantities in the above equation 
aro known. 1 

Tho unexpectedly large valuo of the ratio gave 

1 If wo put e = 1 ’9 x 10 7 , H — 5000, ami T=2x 10- 15 we get 

m 

l=1 9x 10 7 x5000\4xl0-*'x 1 . 

4 IT ' 

= 3x 10-» 

and £= 1 

T fifiOOO 

which agrees with tho observations within the limits of error. 
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rise to various speculations ; but the smallness of 
the mass could not be accounted for, sinco no 
mass smaller than tho hydrogen atom was known 
at that time. 

A further spectroscopic examination of tho split 
lines showed that they consisted of circularly polar- 
ised light, tho direction of rotation being in opjmsite 
directions in tho two linos. A most important 
result was deduced from observing tho direction of 
rotation in tho two lines. Zeeman found that tho 
electrons producing tho longer wavo-longth wore 
rotating clockwise, and the olootrons producing tho 
shorter and more refrangible waves woro rotating 
anti-clockwise. This proved that the light-hearing 
rotations were those vf negatively chargnl jmrtir/es truly. 
Indeed, we know from tho laws of induction that 
the clockwise rotations aro retarded by clockwise 
molecular electron currents, thus lengthening tho 
waves and increasing the rofrangibility, whereas tho 
others are accelerated. 

So much for the phenomenon as observed along 
the lines of magnetic force. At right angles to the 
lines of force a triplet is observed instead of a 
doublet. The two circular vibrations we have been 
considering aro scon ond-on, and, therefore, appear 
plane - polarised, the plane of polarisation being 
parallel to the lines of force, and, therefore, at right 
angles to the vibrations of tho electrons. Thero is 
the same difference of period as before, and, there- 
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fore, the same separation. But in this cose there 
are also the vibrations alowj the lines of force in- 
fluencing the eye, but suffering no influence from 
the magnetic field, since electrons are only affected 
by such a field when they cross the linos of magnetic 
force. There being no difference of period produced 
in this case, the original vibration remains, and a 
central line appears between the other two. Being 
duo to vibrations along the lines of force, the rays 
are polarised in a plane at right angles to the lines 
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of force. In this case there can be no doubt as to 
the direction of vibration of particles giving rise 
to polarised light, and an old optical controversy, 
already partly decided by Hertz’s experiments, is 
thus filially set at rest. 

This is the famous Zeeman effect in its simplest 
form. The main phenomena are shown in the 
diagram (Fig. 31), whoro the solid line shows the 
ordinary D T line, the punctuated lines show the 
circularly polarised lines as seen along the lines of 
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force, and the shaded linos aro tho lines polarised in 
two different planes, as seen across tho lines of force. 

But the effect is not in reality as simplo as it 
would appear from the above description. The 
very fact that there aro two different sodium lines 
shows that tho electrons revolving round tho sodium 
atom have two different natural periods, or that 
each atom has two electrons revolving round it, 
like two satellites with different periods. But 
affairs are still more complicated in tho spectra 
of the heavier metals, some of which have hun- 
dreds of spectrum lines distributed apparently at 
random. This means a great numbor of electrons 
attached to each atom, or perhaps to a complicated 
group of atoms, and so much within each other’s 
sphero of iniluenco that they disturb each othor’s 
motion, and superpose extra vibrations of higher 
frequencies upon their fundamental periods. Ac- 
cordingly wo find, notably in tho magnetic metals, 
some very complicated Zeeman effects, lines being 
split up into four, five, seven, or even nine com- 
ponents. But, far from being a discouragement, this 
bewildering variety has been a valuable stimulus to 
research into the intimate structure of the chemical 
atom. The spectrum is, so to spoak, the anatomical 
atlas of the chemical atom, and the indox to this 
atlas is supplied by the Zeeman effect. 

For it has been found that the lines of each 
element can be grouped into several series which 
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follow in harmonic succession, and where each series 
shows the same Zoeman effect in all its lines, but 
where tho effect alters from one series to another. 
Apart from this, there is a mathematical analysis 
of the atomic vibrations yet to come, and, perhaps, 
before very long, wo shall have definite information 
concerning the number of electrons circulating 
round tho atom of some clement, and concerning 
tho manner in which those revolving electrons give 
rise to its complicated spectrum. We may thus 
arrive at a knowledge of tho atomic system as 
procise as is, on a much larger scale, our know- 
ledge of tho motions and perturbations of tho 
planots in tho Solar System. 

(1) The Faraday Fpct . — Tho first magneto-optic 
etlbct discovered was that named the Faraday 
effect. Whon plane-polarised yellow light is sent 
through bisulphido of carbon contained in a mag- 
netic field of 5000 units, in the direction of the 
lines of foreo, tho piano of polarisation is found 
to have boon turned through an anglo of three 
and a half degroes for every centimetre of the 
liquid traversed by the beam. The sense of the 
rotation is contrary to tho direction of tho electron 
currents constituting the magnet. In other words, 
it is in the same direction as the (positive) " current ” 
which excites tho magnet. 

This phenomenon admits of a simple explanation 
on the basis of tho electron theory. 
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Every piano-polarised boain may bo oonsidorod 
as consisting of two beams circularly polarised in 
opposite directions. The beam circularly vibrating 
in the direction of the electron currents' of the 
magnet is retarded, owing to molecular induction 
within the liquid, and the oppositely rotating beam 
is accelerated. When, therefore, tho two beams 
combine again on emerging from tho liquid, tho 
plane has been turned in the direction of tho faster 
rotation — that is to say, in tho direction opposed to 
the electron currents of tho magnot. 

This is the explanation reduced to its .simplest 
terms. But this effect, like tho Zeeman effect, 
shows a variety of detail. Tho rotation per cm. 
in unit magnetic field (a quant ity known as Verdot’s 
constant) changes from one substance to anothor, and 
in a few rare eases even becomes nogativo. Tims 
in carbon bisulphide, it is 0*042 minutes of arc, in 
water 0*012, in glass 0*02 to 0*01), while in com- 
pressed air it is 0 0003, and increases with the 
pressure. 

To return to Drude’s equation (p. 228). If tho 
velocity of propagation is v, the rofractivo index n, 
the density of rotating electrons N, their *' laxity ” 0, 
the length of wave naturally emitted by them L, 
and the incident wave-length A, wo have 



= »* — 1 + 


NKO 
\ a - 1/ 


This equation shows that, as tho natural period 
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L increases, tho velocity v diminishes — that is to 
say, if the rotating electron is retarded by magnetic 
force or otherwise, it transmits the incident light 
with a smaller velocity. Now we know that the 
electron is retarded when it rotates in the same 
direction as the electrons producing the magnetic 
field. Hence the circularly polarised beam trans- 
mitted by the opposite rotation will be propagated 
more quickly. 

This supposos that X 2 is larger than L 2 . If it 
is not, the denominator — and, therefore, also the 
whole fraction — becomes nogativo, and tho larger 
tho natural wavo-longth the greater will be the 
velocity. This is thon a caso of anomalous dis- 
persion. It occurs when L 2 is larger than X 2 — 
i.r. when tho proper period of tho electrons is in 
the infra-red. Normal dispersion occurs when the 
proper period of tho electron is in the ultra-violet. 

These considerations explain why the Faraday 
otVect is sometimes reversed. 

(c) The Kerr Effect . — Kerr discovered that plane- 
polarised light reflected from tho polished poles of 
an electro-magnet is elliplically polarised. Recent 
experiments liavo shown that this is simply a 
special caso of tho Faraday effect. All reflected 
light penetrates for some very small depth into 
the reflected surface. Light reflected from iron 
passes through a few molecular layers, and repasses 
them on being reflected. These two passages 
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amount to a transmission through tho substance 
of iron. Now, iron has boon examined in very 
thin transparent films produced by cathode dis- 
integration, and found to exert a very powerful 
Faraday effect. It is, thorofore, not surprising 
that tho passage of light even through tho vory 
thin films required for reflection should suflico to 
produce a very perceptible rotation of its piano of 
polarisation, more especially as tho effect of both 
passages is in the samo direction. Thoroin lies a 
fundamental difference from puroly optical rotation. 
When a beam of light is sent through an “opti- 
cally active ” substance, both going and returning, 
its plane is not rotated at all. Transmission in 
one direction is compensated by transmission in the 
reverse direction. In magneto-optic rotation tho 
turning of the piano of polarisation is always in tho 
direction of tho (positive) magnetising current, and 
hence the rotation is proportional to tho number of 
times the beam is transmitted eitkor way. 

<d) Maml t'Ao-Corhino Effect . — Shortly after Zeo- 
inan’s discovery, two Italian physicists, Maculuso 
and Corbino, announced that, on transmitting a 
plane-polarised yellow beam through sodium vapour 
placed in a magnetic fiold, there was a strong mag- 
neto-optic rotation in tho neighbourhood of tho 
absorption bands. This follows as a matter of 
course from the above facts and considerations. 
We have already seen that when X is very nearly 



MAGNETO-OPTIC PHENOMENA 25 I 

equal to L, the third term in Drude’s equation 
becomes enormous, and hence the velocity of trans- 
mission is powerfully affected when the wave-length 
of the incident sodium light is nearly the same as 
the wave-length of the period proper to the electrons 
rotating in the electric field. 

The whole chapter of magneto-optics, like that of 
the galvano-magnetic and tliormo-rnagnetic effects 
to bo dealt with noxt, still bristles with problems 
awaiting solution. But the electron theory has 
for the first timo indicated the goneral lines along 
which a complete solution of outstanding questions 
may be looked for. 



CHAPTER XIV 

ELCrTKiriTY, II HAT, AND MAGNETISM 

The relations between olectricit.y and heat have 
already been dealt with in the chapter on Thermo- 
electricity (p. 121). As already stated, they involve 
the intimate structure of tlio chemical elements, 
and are therefore less definite than most of the 
other electrical properties of matter. When these 
relations are complicated by the presence of a 
magnetic field, their investigation becomes by no 
means oasier ; but the more multitudinous and 
complicated they are, the more information do 
they give us concerning the hidden structure of 
the chemical atom and the building up of solid 
substances. 

Let a thin metallic plate (Fig. 32) be traversed 
by a current from the battery 15. According to the 
electron theory, this current consists mainly in the 
motion of electrons from the negative terminal to 
the positive terminal — i.e. in the direction opposed 
to what is conventionally called the current. The 
positive atoms move in the opposite direction, but 
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being hampcrod by their much greater size, the 
part which they contribute towards the convection 
of tho current is insignificant, 

Now let the north-seeking pole, N, of an electro- 
magnet be brought under tho plate. Then the 
following four phenomena are ob.served. 



1. A difference of potential between the sides. 

2. A difference of temperature between the sides 
of tho plato. 

3. A change in the electrical conductivity of the 
plate. 

4. A chango in the conductivity for hoat. 

If, instead of an eloctric current, a current of 
heat is directed through the plate in the same 
direction, as, for instance, by heating C to boiling 
point and keeping D cool, tho same four phono- 
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mena are observed. Thus we havo eight galvano- 
magnetic and thermo-magnetic phenomena, which 
show an intimate connection bctwoen currents of 
heat, currents of electricity, and magnetism. 

Now it must bo stated at once that these effect 
vary very much, both in quantity and direction 
from one substance to another, and there is only 
one substance — bismuth — in which all tho oight 
effects havo as yet been measured. Such measure- 
ments aro very ditlicult to carry out, on account, 
of tho many sources of error, and tho decisive influ- 
ence of even slight impurities. Nevertheless, some 
valuable rules havo been discovered, and tho electron 
theory has shown itself well able to cope with these 
strange phenomena. 

In every case tho effect is proportioned to tho 
intensity of the electric current or heat current. 
This is readily understood. It is also inversely pro- 
portional to the thickness of the plate. This also 
is capable of a simple explanation. 

Tho transverse effects (1) and (2) and tho cor- 
responding ones in tho caso of tho heat current are 
proportional to tho magnetic field. Tho changes of 
conductivity are supposed to be proportional to the 
square of the magnetic Hold, but are generally very 
foeble. 

Transverse Effects. — Tho effects in bismuth may 
be summarised as follows: A current of heat pro- 
duces the same effects as a current of electrons. It is 
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deflected by a magnetic Held in the same direction 
as cathode rays aro deflected. In a plate traversed 
by either a heat current or an electron current, 
a magnetic field increases the resistance and the 





thermal conductivity. A deflection of the current 
of heat to one side is accompanied by a negative 
charge acquired by that side. 

The four transverse effects are shown diagram- 
malically in Fig. 33, whore tho circles with arrow- 
heads indicate the direction of revolution of the 
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electron currents which produce the magiiotic field, 
and the long arrows represent- the heat currents or 
electric currents. 

The Hall elVect in hisnuith is easily explained. 
The electrons constituting tho electron current 
thread their laborious way through tho crystalline 
agglomerations of ‘bismuth atoms, ami whenever 
thoy are free to follow tho electric force thoy dart 
forward in the direction of the electron current — 
i‘.<\ from right to left. But while traversing their 
free path they are subject, to deflection by tho 
magnetic force. This will urge them towards the 
lower edge of tho plate, and that edgo, there- 
fore, acquires a negative charge. Tho upper edge 
being drained of eleelrons, acquires a positive 
charge, and when tho two edges are joined by a 
wire, a small but steady current passes through 
the wire. 

To understand tho analogous effect of a heat, 
current, it must be remembered that electrons are 
particles capable of convoying energy of motion, 
and that thoy therefore are just as capable of pro* 
pagating heat as tho heavier atoms are. But in 
most substances heat has tho effect of dissociating 
neutral atoms. More electrons are split off and set 
roaming at large. Thoro is a greater number of 
free electrons in unit volume of tho hot metal than 
in unit volume of tho cold metal. To equalise this 
difference of density, electrons diffuse from the hot 
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metal to tho cold metal, and thus constitute an 
electron current which travels in the same direction 
as tho heat current. 

Tho Nernst effect falls under this explanation. 
The electrons constituting part of the heat current 
are deflected in the same direction as those con- 
veying tho electric current, and accumulate in the 
lower edge of tho plate as before. 

No sooner is tho differonco of potential estab- 
lished between tho opposite edges than a cross- 
current sets in to equalise it. But tho rapidity 
with which this process of equalisation takes place 
depends upon the resistance of tho plate, and this 
is the greater the thinner it is. It is, therefore, 
readily understood that tho Hall and Nernst effects 
aro inversely proportional to the thickness of tho 
plato, as stated above. 

Tho Ettingshauscn and Lcduc effects aro similarly 
explained. Though tabulated separately from the 
other two effects, they aro really inseparable from 
them. Tho Hall and Ettingshausen etfeets occur 
togothor, tho cold edgo being positively charged 
and the warm odgo negatively, and the Nernst 
and Lcduc effects are similarly linked. Tho 
former are called “ galvano-magnetic,” and tho 
latter “ tliermo-magnctic,” effects. As bofore. the 
equalisation of temperatures between the opposite 
edges dopends upon tho intervening conductivity 
for heat. 


R 
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Effects similar in overy respect, but much foobjr, 
are presented by carbon and nickel. Of the four 
effects described, tho Hall effect was the first, dis- 
covered. and it is always tho easiest to observo, 
siuee no measurcinents of temperature are involved. 
Even with very thin plates and strong fields, tho 
E.M.F. between the edges does not exceed a f>w 
thousandths of a volt. Hut that is well within 
nm- powers of measurement. It is by far the 
largest in bismuth, being 400 times greator than in 
ni< kel, which comes next in order. It is smallest 
in tin and load. 

The Hall effect depends upon a difference in 
the mobilities of the positive and liogalivo carriers 
of electricity, and its existence in metals confirms 
the supposition that metallic conduction is carried 
on mainly by electrons. In liquids, the offoct hits 
been looked for in vain, for two reasons. The 
ions in liquids are much more thinly scattered 
than in metals, and their mobilities are much 
more nearly equal. It may be roughly esti- 
mated that in most ordinary metals tho mobility 
of the electron exceeds that of the positivo atoms 
100 or 200 times. In electrolytes, no ion ovor 
has a mobility more than about 10 times that 
of another ion. Hence it is clear that tho Italian 
physicists who started in search of the Hall effect 
in liquids attempted practically an impossible 
task. 
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Owing to the fact that free electrons have a 
great tendency to condense water about them, 
and to form heavier negative ions, they do not 
act as carriers in liquids. In gases, on the other 
hand, they are present in large 
numbers, and gaseous conduc- 
tion is carried on mainly by 
electrons and positive atoms. 

Hence there is quite a por- 
ceptible Hall effect in gases, 
especially hot gases, where 
tho ionisation is groat. The 
Hall effect has been proved to 
exist in llarnes without much 
difficulty. 

Longitudinal Kjbetx. — The 
longitudinal effects are not re- 
versed by reversing tho magnetic 
field. They simply depend 
upon the state of things at tho 
ends of tho plate, and are in- 
dependent of the charge or Fio. 34. 

temporal uro of the sides. 

The four effects are shown diagrammatically 
in Fig. 34. Tho electron currents are deflected 
in the direction in which tho arrows are bent, and 
tho heat currents are deflected in tho same direction 
when electrons aro diverted towards tho lower edge 
of the plate, instead of making straight for the loft- 
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hand edge ; the left-hand edge will naturally be loss 
negatively charged than before. It will, in fact, rise 
in positive potential, and will become comparatively 
more positive than tho right-hand edge — that is to 
say, the original difference of potential is increased. 
The same thing would happen if the plate wore 
made either longer or thinner. It amounts to this, 
then : that the magnetic field increases the resistance 
of the bismuth. Tho increase in a field of 10,000 
units amounts to as much as one-third of tho 
original resistance This property is so constant 
and reliable that it has been used for measuring 
the strength of magnetic fields. All that is re- 
quired is a small coil of bismuth and a resistance- 
box. The resistance of the coil of bismuth indicates 
the strength of the magnetic field at tho placo where 
it happens to bo. It can oven bo used for alternating 
magnetic fields; but these must not be too rapid, 
as otherwise tho electrons have no time to get 
deflected out of their paths, and then tho resistance 
remains constant. 

The fourth longitudinal effect is a diroct in- 
crease of the “ thermal resistance,” or a diminution 
of the conductivity for heat. Tho cool end 
of tho plate becomes cooler than boforo as soon 
as tho magnet is excited. It gives up less heat 
to the cooling water than it did before. Again 
the effect is as if the plate had been lengthened. 
It is duo, as before, to tho deflection of the elec - 
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trons which constitute the largest part of the heat 
current. 

The other two effects are reciprocal effects of 
currents of heat and of electricity. The heat 
current consisting mainly of electrons, any deflec- 
tion of it implies a deflection of (negative) elec- 
tricity, and wherever there is an accumulation of 
heat there is also an accumulation of electrons — in 
other words, a negative electrification. 

The eight effects may be combined into a 
single diagram (Fig. 35), where the arrows show 
tho direction and de- 
flection of a current, 
which may be either 
a heat current or an 
electron current. 

Jiercrscil Effects . — It 
appears from the above 35 

details that the elec- 
tron theory of metallic conduction suffices for 
explaining all the manifold relations between heat, 
electricity, and magnetism as far as bismuth is 
concerned. But in other metals tho transverse 
effects are different, while tho longitudinal effects 
aro, as a rule, too small to bo observed. In 
antimony, cobalt, and tellurium the direct (Hall 
and Leduo) effects are reversed, and in iron 
they aro all reversed. This moans that the 
laws of metallic conduction are modified by other 
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influences. The effects in cobalt are too small 
to draw any conclusions from them; but in 
antimony and tellurium the reversal of the two 
effects indicates a structure which allies those metals 
to the non-metallic elements. There is probably 
very little direct dissociation into positive atoms and 
electrons. The dissociation is probably more like 
what we have in eloctrolytic dissociation, each elec- 
tron gathering neutral atoms round it to form 
heavier ions. The electron, thus weighted, has no 
advantage of mobility over the positive ions, and 
may even bo inferior in mobility to the latter. That 
the reciprocal effects hold good shows that heat 
produces a splitting-off of electrons, as in bismuth. 

This does not appear to be the case in iron, 
where it is known that heat does not produce a 
spontaneous evolution of free electrons. Wo know 
from the strong magnetic properties of iron that 
the molecules of iron are quite free to place them- 
selves in any direction they choose, and that they 
do place thoir magnetic axes into coincidence with 
the axis of a magnetic field. This indicates a great 
freedom of the ponderable matorial of iron. Its 
treble valency also shows that ono positive atom 
can bind several electrons. It may therefore well 
happen that most of the electrons are bound rip 
with atoms, while a largo number of positive atoms 
are roaming free, and although they have not the 
great mobility of the electrons, they make up for 
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that by their superior numbers. The same con- 
siderations will explain the reversal of the Thomson 
effect in iron, without having recourse to the as- 
sumption of free positive electrons, which are not 
indicated by any other phenomenon. 



CHAPTER XV 


RAD 1 0- ACTIVITY 

A new branch has been added to physical science 
within the last ten years. The phenomena of 
radio-activity are impossible on the basis of the 
older atomic theory of chemistry, though they add 
new proofs of the atomic structure of matter. They 
are largely electrical phenomena, and arc quite 
inconsistent with the view, sometimes tentatively 
put forward, that electricity, like heat, is a mode 
of motion. The phenomena of radio-activity have 
confirmed the atomic structure of matter, but have 
abolished the dogma of tho indestructibility of the 
atom. They have created a new department of 
chemistry by giving us access to tho hidden re- 
cesses of the atom itself. Thoy have also defi- 
nitely established tho atomic structure of electricity, 
substituting tho indivisible and indestructible elec- 
tron for the chemical atom, now no longer considered 
either indivisible or indestructible. 

That, surely, is a tremendous revolution, a re- 
volution for which tho closing years of the nine- 
teenth century will be for ever memorable. 

This is not tho place to give a detailed account 
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of the phenomena presented by the radio-active 
substances. I shall restrict myself to those phe- 
nomena which have an immediate bearing upon the 
electron theory. 

In the course of the present sketch of the chief 
facts of electricity and magnetism in the light of 
the electron theory, I have only incidentally referred 
to radio-activity, preferring to establish the theory 
first in regions more familiar to the student. I 
think I can claim to have shown that in the more 
ordinary electric phonomona, the electron theory not 
only explains observed facts much butter than any 
other theory hitherto accepted, but unifies all facts in 
a manner hitherto unapproached, and forms a firm 
and fruitful basis for further research. In pro- 
ceeding, however, to radio-activity, we find that the 
electron theory becomes paramount and indispens- 
able, and that it seems likely to annex the greater 
part of physics and the whole of chemistry. 

The radio-activo bodies hitherto investigated are 
uranium, thorium, radium, actinium, and polonium. 
Of these uranium and thorium were well known 
to chomists before the discovery of radio-activity. 
The others were discovered by their radio-active 
properties. 

Radio-activity — a term invented by Madamo Curie, 
now Professor of Chemistry at Paris University — 
consists in tlio spontaneous emission of eatlnnlc 
rays, canal rays, or Rontgen rays — that is to say. 
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of electrons, positive atoms, or ethor-pulscs, or of 
soveral of these at the same time. 

The “ positive atoms ” emitted are, however, not 
atoms of the substance itself, but atoms of a very 
much lighter substance, consisting of either hydro- 
gen or helium, probably the latter. This is the 
most astounding fact of the whole now rango of 
phenomena. A well-defined chemical atom, with 
a characteristic spectrum of its own, splits into two, 
one of them an atom of a gas found in the sun and 
the earth, the other a substance which undergoes 
further decomposition by giving off more atoms of 
helium and electrons, and finally, perhaps, trans- 
forms itself into some other known “ element.” 

The substance showing the greatest number of 
radio-active phenomena, and those in the fullest 
detail, is radium, discovered by Prof, and Madame 
Curie in 1898. It is supposed to bo “descended” 
from uranium, and it develops into lead after six 
intermediate changes. Each change takes a defi- 
nite time to complete itself in a given weight of 
the substance. As Rutherford says, 1 “ There can bo 
no doubt that in tho radio-elements we are wit- 
nessing the spontaneous transformation of matter, 
and that the different products which arise mark 
the stages as halting-places in the process of trans- 
formation, where the atoms are able to exist for a 

1 “ Radio-activity.” By E. Kutherford: Cambridge University 
Press, 1905. 
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short time before again breaking up into new 
systems.” 

Radium is a metal closely allied to barium in its 
chemical properties. Its atomic weight is 225, and 
is only exceeded by the two radio-active elements 
uranium (240) and thorium (232'5). The atoms of 
radium are in imperfect equilibrium ; but the break- 
up of an atom occurs so rarely that only one atom 
in ten thousand million breaks up every second in 
one gramme of pure radium. Since a gramme of 
puro radium contains about 4 x 10 21 atoms, this 
moans that ono gramme of pure radium spon- 
taneously breaks up 4 x 10 u of its atoms every 
second. The break-up of the atoms results in the 
projection of a positively charged helium atom with a 
velocity in many cases approaching the velocity of 
light. These charged particles are the so-called a- 
rays, whose nature was a mystery until their deflection 
by a magnet was clearly established by using a very 
strong field. The proportion betweon radium atoms 
presont and radium disintegrated is very constant, 
and quite independent of heat or any other physical 
or cliomical agent. Tho more tho radium is disin- 
tegrated, the more slowly will the remainder disin- 
tegrate. The rate of disintegration, as well as the 
intensity of tho a-rays, decreases, as they say, accord- 
ing to an exponential law. The most convenient way 
of stating the stability of such a body as radium is 
to state the time a gramme of the substance would 
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take to transform or disintegrate half its atoms. 
This time, T, is 1300 years in the case of radium. 
We tkeroforo see that if pure radium has a certain 
radio-activity to-day, that activity will have fallen 
to half its present valuo in a.d. 3206. Meanwhile, 
what becomes of the products of disintegration ? 

The helium atoms fly off into the surrounding 
gas and ionise its molecules by collision. They are 
stopped in 3 cm. of air at atmospheric pressure ; but 
not before they have produced about 86,000 ions 
for each helium atom stopped. Now a billion 
helium atoms do not give much helium, certainly 
not a measurable quantity. But that quantity 
becomes discoverable by spectroscopy when it is 
multiplied about 100 million times, and this takes 
about 100 million seconds, or about four years. 
Helium has actually been observed by Ramsay 
and Soddy in the spectrum of a tube containing 
radium after a considerable lapse of time. More- 
over, helium is found occluded in all radium 
minerals in proportion to the amount of radium 
present, having boon accumulated thero since the 
radium was formed. 

What remains of the radium atom after the 
helium atom is split off forms an atom of an inert 
gas resembling argon. This gas emanates from the 
radium mineral, and can be drawn off in a curront 
of air and condensed at a temperature of — 150° C. 
It is called Radium Emanation. Its atomic weight 
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is 221, since that of the helium atom is 4, and of 
the radium atom 225. 

Tho atom of emanation gives off another a- 
particle or helium atom, which goes to swell the 
amount of helium ovoived direct from radium, 
and what then remains is no longer a gas, but a 
solid, which deposits itself on tne walls of tho vessel, 
and is called radium A, with an atomic weight of 
217. 

This change is much more rapid than that of the 
radium into emanation. Tho emanate >n is much 
more unstable than the radium itself. While 
radium takos 1300 years to transmuto itself by 
half, the same process is accomplished in radium 
emanation in 3‘8 days. 

If, therefore, the emanation is drawn oft' into a 
separate tube, half of it is precipitated on the walls 
within 3‘8 days, with evolution of helium. If now 
the helium and the remaining emanation is drawn 
off by a current of gas, we have a deposit of radium 
A on the walls of the tube far too minute to be seen 
or weighed, but discoverable by its radio-activity. 
For radium A also decomposes. It is soluble in 
strong acids, which, however, do not affect its rate of 
disintegration. It can be volatilised at 1000° C.,but 
again without affecting its rate of inevitable decay. 
Its disintegration is accompanied by another expul- 
sion of a helium atom — the third so far — and the 
remainder forms another solid deposit called radium 
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B. This conversion completes itself half in three 
minutes, and is tho most rapid of all radium trans- 
formations. Radium B volatilises at 700° C. It 
disintegrates in turn, transforming itself by half in 
21 minutes. But this transformation is not accom- 
panied by any expulsion, and probably consists in 
some rearrangement of material within tho atom. 

The next stage is radium C, another solid sub- 
stance, which volatilises at 1000° C., and makes up 
for tho absence of rays in radium B by emitting no 
less than three different kinds of rays. Each atom 
of radium C which decomposes throws off a helium 
atom and an electron, and gives rise to an electro- 
magnetic wave-pulse or Rdntgen ray. Its time of 
half-decay, T, is 28 minutes. Radium B was dis- 
covered solely through the initial irregularity of the 
curves of decay of radium C. These three pro- 
ducts, radium A, B, and C, together form the activo 
deposit due to radium emanation. But after then- 
disintegration, which, we have seen, does not take 
many minutes, they give rise to throe further pro- 
ducts, called radium D, E, and F respectively, which 
together form the “ permanent ” active deposit. T 
is about 40 years in the case of radium D, and tho 
change is another rayless one. T for radium E is 
six days. It is non-volatile, but gives off electrons 
and Rontgen rays. The final product is radium F, 
whose T is 143 days. It gives off helium atoms 
(o-rays) only, and is deposited on bismuth from 
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solution. This radium F is an exceedingly in- 
teresting body. All its properties are identical 
with those of another radio-active body discovered 
independently by Madame Curie, and called by her 
“ Polonium,” in honour of her native country, and 
also by Marckwald in Germany, who found it 
associated with tellurium, and ' therefore styled it 
“ radio-tellurium.” The credit of accomplishing the 
long and laborious researches for tracing the parent- 
age of polonium belongs to Rutherford, of Montreal. 
Here is the full pedigree : — 


Radium 

1 

gives off helium atoms. 

1 

Emanation 

1 

»f » »» 

1 

Radium A 

i 

»» *» *• 

1 

Radium B 

i 

„ no rays. 

. 1 

Radium 0 

„ helium atoms, electrons, and X-rayi 

| 

Radium D 

„ no rays. 

Radium E 

„ electrons and X-rays. 

Radium F 

„ helium atoms. 


= Polonium = radio-tellurium. 


It will be remembered that all these changes, 
except the evolution of helium, are undiscoverable 
by chemical or even spectroscopic means. The sub- 
stances only identify themselves by their radiations, 
and the manner in which that radiation decays. 
The radiations may be observed in different ways; 
but the most convenient method is by tho ionisa- 
tion of air, whereby a delicate electroscope is dis- 
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charged. For aught we know, many more changes 
may be continually going on, not only in radio- 
activo bodies, but in ordinary matter. The «-rays or 
helium atoms cease to produce ionisation when their 
velocity falls below the enormous figure of 10® cm. 
per second, or one-thirtieth of that of light. Con- 
sequently, it is quite possible that all mattor may 
be gradually disintegrating, but not with the ex- 
plosive violence of tho radio-active bodies, and there- 
fore unperceived. Many indications go to show 
that polonium itself oventually changes into eitlior 
lead or bismuth. 

Uranium, thorium, and actinium show a some- 
what similar lifo-liistory ; but in their case tho first 
product formed is not an emanation, but a solid. 
Uranium gives rise to “ Uranium X,” and any 
further change is at present unknown. Uranium 
takes about COO million yoars to transform itself by 
half. Each atom which disintegrates gives off an 
a-particle (helium atom), and leavos behind an atom 
of a new substance, which disintegrates much more 
easily. This new substance is called uranium X. It 
was for some time considered to be the solo active 
constituent of uranium. Its discovery is described 
by Rutherford as follows : — 

“The experiments of Mme. Curie show that 
the radio-activity of uranium and radium is an 
atomic phenomenon. The activity of any uranium 
compound depends only on the amount of that 
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element present, and is unaffected by its chemical 
combination with other substances, and is not 
appreciably affected by wide variations of tempe- 
rature. It would thus seem probable, since the 
activity of uranium is a specific property of tho 
olemont, that tho activity could not be separated 
from it by chemical agencies. In 1900 , however, 
Sir William Crookes showed that, by a single 
chemical operation, uranium could bo obtained 
photographically inactive, while the whole of the 
activity could bo concentrated in a small residue 
free from uranium. This residue, to which ho gave 
tho name of ‘ Ur X,’ was many hundred timos more 
activo photographically, weight for weight, than the 
uranium from which it had been separated. The 
method employed for this separation was to pre- 
cipitate a solution of tho uranium with ammonium 
carbonato. On dissolving tho precipitate in an 
excess of the reagent a light precipitate remained 
behind. This was iiltorcd, and constituted the 
Ur X. Tho activo substance Ur X was probably 
prosent in a very small quantity, mixed with im- 
purities derived from the uranium. No new lines 
wero obsorvod in the spectrum. A partial separa- 
tion of the activity of uranium was also offected by 
another method. Crystallised uranium nitrate was 
dissolved in ether, when it was found that the 
uranium divided itself between tho ether and water 
present in two unequal fractions. The small part 
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dissolved in the water layer was found to contain 
practically all ilie activity when examined by the 
photographic method, while tho other fraction was 
almost inactive, Tlieso results, taken by them- 
selves, pointed very strongly to the conclusion that 
the activity of uranium was not due to the element 
itsolf, but to some' other substance associated with 
it, which had distinct chemical properties. 

“ Results of a similar character were observed by 
Becqucrel. It was found that barium could bo 
made photographically very active by adding barium 
chloride to the uranium solution and precipitating 
the barium as sulphate. By a succession of preci- 
pitations the uranium was rendered photographi- 
cally almost inactive, whilo the barium was strongly 
active. 

“The inactive uranium and the active barium 
were laid asido; but, on examining them a year 
later, it was found that the uranium had completely 
regained its activity, whilo that of tho barium had 
completely disappeared. Tho loss of activity of 
uranium was thus only temporary in character.” 

The obvious explanation of this peculiar be- 
haviour was that uranium continually ovolves some 
substance much more active than itself, which can 
be chemically separated from it. This now sub- 
stance, Uranium X, decays to half- value in 22 days, 
instead of hundreds of millions of years. The 
original uranium can only be identified by a feeble 
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radio-activity consisting in the expulsion of helium 
atoms. 

Thorium and actinium give rise to similar pro- 
ducts called thorium X and actinium X respec- 
tively. From these a gas or emanation is developed, 
which, however, is extremely unstable and takes only 
a few seconds to decay by half. Thorium emana- 
tion gives rise to two successive decomposition 
products called thorium A and thorium B. They 
form a deposit on bodies and are concentrated on 
the cathode in an eloctric field. Thorium A is 
more volatile than thorium B. 

Lastly, actinium emanation gives rise to actinium 
A and actinium B, which are deposited on bodies- 
concentrated on the cathode in an electric field, and 
are soluble in ammonia and strong acids : they are 
volatilised at the boiling-point of water. Actinium 
A can bo separated from actinium B by olectrolysis. 
Both thorium B and actinium B omit three sorts 
of rays, while their “ parents ” omit none. Their 
life period counts by minutes. 

These are all the radio-activo bodies and disin- 
tegration products hitherto known. The list will, 
no doubt, soon be extended — possibly into the 
region of well-known bodies like lead, mercury, 
and gold. Research is busy with the momentous 
question as to whether any artificial method can 
accelorate or retard this process of disintegration. 
This is a question not at all easy of solution. The 
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effect of heat may not be to accelerate or retard 
decay, but to make tho presence or absonce of a 
given substance either more or less evidont to us, 
as they differ in melting-point or volatility. Tho 
fact that uranium shows the same activity in liquid 
air and at ordinary toraporatures goes to show that 
the activity resides within tho atom itself. P. Curie 
also found that tho luminosity of radium and its 
power of exciting fluorescence in bodies woro retained 
at the temperature of liquid air. If a radium com- 
pound is heated in an open vessel, it is found that 
the activity, measured by tho a-rays. falls to about 
25 per cent, of its original value. This, howovor, 
is explained by Ruthorford as not being duo to a 
change in tho radio-activity, but to tho release 
of the radium-emanation, which is stored in the 
radium. No alteration is observed if the radium is 
heated in a closed vessel, from which none of the 
radio-activo products are able to escape. 

Of all the radio-active materials mentioned, 
radium possesses the most striking properties. It 
is two million times more active than uranium, 
and a few milligrammes suffice to produce strong 
photographic action, to discharge electroscopes, to 
give a brilliant luminosity to a fluorescent screen, 
and to produco dangorous and painful effects on 
the skin. All radium compounds shine in tho 
dark, especially when dry. A small quantity has 
been known to give light enough to read by in a 
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dark room, though that practice is by no means to 
be recommended. But it is not the purest pre- 
parations of radium salt that give most light. A 
strong admixture of barium increases the lumi- 
nosity, which is by no means so well-defined a 
property as the radio-activity. 

A radium preparation — Usually a few milli- 
grammes of radium bromide mounted between 
thin glass plates — gives out a-rays, /3-rays (which 
are identical with projected electrons and cathode 
rays), and the so-called 7 -rays, or ether pulses, 
which do not consist of any kind of projected 
particles. The a-rays are, as mentioned above, 
in all probability atoms of helium, and are, there- 
fore, very much bulkier than electrons. The latter 
have, indeed, a hundred times more power of pene- 
tration than the formor, and can pass through a 
sheet of aluminium half a millimetre thick. But 
this powor of penetration is surpassed over a hun- 
dred times by the 7 -rays, the most ponotrating 
radiation known, which can pierco through 3 in. of 
aluminium and h in. of lead ! 

• That these throe radiations arc simultaneously 
emitted by the radium preparation is readily 
understood if wo consider that the preparation 
contains not only the original radium, which slowly 
evolves helium atoms, but also the emanation and 
the active deposits, including radium C, which 
gives off all those classes of rays. 
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The throe radiations are readily separated by a 
strong magnetic field. If a thin lino of radium is 
placed along the linos of force in a narrow hori- 
zontal trough, tho 7-rays shoot straight upwards, 
while the / 3 -rays, being electrons, arc bent over to 
one side, and the a- rays deflected to a vory much 
slighter extent towards tho other side. Those 
electrons that are projected in a lino at right 
angles to tho trough describe comploto circles if 
free to do so, and it Is possible to make them 
record their presence on a photographic film at any 
point in the circumference. Such tracings of tho 
path of the electrons projected by radium are 
capable of great delicacy. Kaufmann succeeded 
in showing both their magnetic and electric de- 
flection simultaneously, and was thus enabled to 

determine tho ratio ~ of tho charge to tho mass. 

It turned out to be exactly the same as tho value 
deduced from cathode rays and from tho Zeeman 
effect, and thus furnished a striking proof of tho 
fundamental importance and identity of electrons. 

A remarkablo phenomenon, first observed by 
Curie, is that radium maintains itself steadily at a 
temperature about 3 ° above its surroundings. This 
heat is most due to tho expulsion of helium atoms. 
It has been calculated that 1 gramme of radium 
gives off 100 gramme-calories of heat per hour. 
This would mean that during its whole “life” it 
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would give off 1*6 x 10® gramme-calories, or about a 
million times more energy, weight for weight, than 
was hitherto known in any chemical reaction. This 
fact enables us to realise the vast forces which may 
become available once we can control the rate of 
disintegration of the atom. It confirms what was 
said in tho initial chapters with regard to the vast 
stores of energy perceptible in tho most elementary 
electrical phenomena as soon as we deal with them 
on a molecular scale. 
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CONSTITUTION OF THE ELECTRON 

We have seen that practically all the known pheno- 
mena of electricity and magnetism can be explained 
by assuming that — 

1. The electric current consists in the motion of 
very small electric particles called electrons, having 
a definite and constant charge, and a definite mass 
which is constant, but becomes larger at very high 
velocities. 

2. These electrons are usually associated with 
atoms of ordinary matter, round which they de- 
scribe circular or elliptical orbits, with periods 
approaching those of visible light-waves. 

3. That there is a force of attraction between 
the atoms and the electrons belonging to it which 
continues to act when they are separated, but 
rapidly decreases with increasing distance. 

4. That atoms deprived of electrons repel each 
other. 

5. That electrons mutually repel each other. 

6. That electrons moving side by side through 
the ether attract each other with a force propor- 

a8o 
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tional to their speed, and inversely proportional to 
the square of their distance apart. 

7. A change of momentum of an electron pro- 
duces a change of momentum in every other electron 
in the opposite direction. 

Those assumptions and their corollaries embrace 
nearly all the facts hitherto accumulated. They 
are few in number — surprisingly few considering 
the vast array of facts they cover — and certainly 
fewer than those which form the basis of any of 
the older theories. But the human mind is never 
satisfied to take things, even simple things, for 
granted. These things must be “ explained ’’ in 
their turn — that is to say, they must be reduced 
to other and fewer and more familiar ideas. Such 
curiosity is legitimate so long as there are any 
lacls remaining unaccounted for. But if it should 
be found that all facts are satisfactorily explained 
by the assumptions of the electron theory, then 
tho scicnco of electricity will be complete, and 
further research into the cause and reasonableness 
of tho fundamental assumptions will add nothing 
now to electrical science. They may add to our 
knowledge, indeed; but that new knowledge will 
constitute a now science. This is made evident 
by a glance at mathematical astronomy. All its 
facts are accounted for by Newton’s law of gravita- 
tion, which states that two hoavenly bodies attract 
each other with a force proportional to the product 
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of their masses, and inversely proportional to the 
square of their distanco apart. Further research 
into the nature of gravitational force will not 
amplify mathematical astronomy, nor Avill it enable 
us to predict astronomical events with greater 
accuracy than before. If, however, the law of 
gravitation should be found to bo subject to ex- 
ceptions, the theory will havo to be recast, and 
this will mean, not a retrogression, but an advance 
towards new and more general truths. 

As J. J. Thomson says, tho electron is at present 
better known than tho atom. It is likely, there- 
fore, that an electron theory of tho chemical atom 
will shortly come into being. Such a theory is 
made necessary by the facts of radio-activity where 
atoms are found throwing off electrons and positive 
particles. These electrons and positive particles 
must therefore have been constituents of the atom. 

The atom, with its detachable electrons, is some- 
times compared to the solar system. Tho analogy 
is somewhat far-reaching, and deserves to be pointed 
out, if only to assist tho memory and tho imagina- 
tion. 

If tho solar system is an .atom on a large scale 
the sun must bo regarded as the positive nucleus 
and tho planets as tho electrons. It is actually 
found that the sun has a positive charge, and tho 
earth a negativo charge. But those charges are 
comparatively infinitesimal, and do not perceptibly 
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influence tho force between them. In this point, 
therefore, the analogy fails. On the other hand, 
the ratio of tho masses is very instructive. That 
of Jupiter is about one- thousandth of that of the 
sun, and approaches the mass of an electron in 
comparison with a hydrogen atom. The mass of 
tho earth is that of tho sun, and this 

ratio is nearly the same as that of an electron to 
tho atoms of the heavy metals. We may say, 
therefore, that in the solar system wo have ex- 
amples of the various actual ratios of mass as 
between an electron and its positive nucleus, 
though in the case of atoms it is tho atoms 
themselves, and not tho electrons, which vary in 
mass. 

The solar system may be regarded as a magnetic 
molecule. The charge of the earth is at the very 
least 25 million coulombs or “ armies” of electrons. 
This charge passes round the sun once every year, 
so that the current represented by the earth’s 
motion is 25 million coulombs per annum, or just 
about 1 ampere (0*1 “ electro-magnetic ” unit of 
current). Tho magnetic momont (see p. 1(‘>7) of the 
system sun-earth may be obtained by multiplying 
the current by tho area round which it circulates. 
The area of the earth’s orbit is about 10 27 square 
centimetres, so that tho magnetic moment of the 
system sun-earth is 1 0 20 e.g.s. units. This moment 
is too small to exert any measurable effect outside 
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the solar system, not to speak of influencing the 
orientation of the planetary orbits of other stars. 
Hence wo see, as before, that magnetic anrl electric 
forces play no appreciable part in the motions of 
the heavenly bodies. 

It may well be, howover, that the sun’s positive 
electric charge just balances the negative charges 
of the planets, in which case the solar system 
would represent a neutral atom of matter. If, 
under such circumstances, another neutral solar 
system were to approach ours sufficiently closely 
to entice Neptune from its allegiance to our own 
sun, wo should have an illustration of two atoms 
combining, and then separating with opposite 
charges, our solar system being positively charged, 
and the foreign system negatively, having captured 
one “ electron,’’ Neptune, from us. Thus we should 
represent, say, a mercury atom, and the foreign solar 
system, say, a chlorine atom. 

As matters stand, the solar systems of the 
visible universe do not seem to approach together 
so closely as to interfere with cacli other’s planets. 
The visiblo universo thus represents a gas rather 
than a liquid or solid, except that portion called 
the Milky Way, which appears to have a con- 
sistency capable of giving it a metallic appearance 
if it could, by some magic moans, bo reduced to 
tangible dimensions. 

The visible stars number quite a thousand million. 
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Now, tho smallest object visible in a microscope 
contains at loast a hundred million atoms. We 
may take it for granted, then, that the visible uni- 
verso, whose outor edge is the Milky Way, if reduced 
in tho same proportion that an electron bears to 
tho earth, would resemble something rather like a 
human blood corpuscle, and would contain about 
the same number of atoms. 

A blood corpuscle is too small to observe indi- 
vidually its electric and magnetic properties, not to 
spoak of examining tho properties of its individual 
atoms and electrons. A large number of universes 
would liavo to be taken together, and the results 
would bo average values. If wo can imagine a 
giant of this now Brobdingnag endeavouring to 
arrive at some measurements of the masses, veloci- 
ties, and electric charges of the stars and planets — 
“ atoms ” and “ electrons ” he would call thorn — he 
might very well find tho same average value for 
oacli million of them which he might pick out at 
random. Ho might find that the ratio of the 
charge to the mass of each detachable planet was 
the same, and that the chargo of each planet ap- 
proached a standard value within the limits of his 
poAvors of measurement. Ho Avould naturally arrive 
at the samo conclusion as Ave do with regard to the 
electrons — viz. that they are absolutely constant 
and equal bodies, constituting the physical units 
and vehicles of electricity. 
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Further, our giant might bo able to sort the 
various solar systems according to their masses, 
and establish certain “ chemical ” affinities between 
systems of different mass. Ho might iind that the 
masses, which ho would call “atomic weights,” 
showed a certain constancy, and a determining influ- 
ence upon the affinity and chemical characteristics, 
and would thus be led to discover a large-scdo 
“ periodic law.” Ho might, by compression or 
chemical treatment, bring the solar systems closer 
together, and enable a certain number of planets to 
roam at largo among the fixod stars. Ho would 
thus have produced a “ conductor.” Finally, ho 
might succeed in turning the ecliptics of the 
various solar systems into the same plane, and 
thus would produce a “ magnet ” of stupendous 
magnitude. 

We thus sec that much insight into molecular 
physics may be gained by considerations of astro- 
nomical phenomena happening on a much larger 
scale. 

The scale by which wo must reduce the visible 
universe to get it down to microscopic dimensions 
is 10 22 to 1. The radius of the solar system is, 
roughly, 10 u cm. This, on dividing by 10 22 , be- 
comes 10 -8 cm., the radius of an atom. Neptune, 
one of tho most “ detachable ” planets we havo, 
may bo likened to a detachable electron. Its 
radius is about 10° cm., and this, reduced in tho 
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same proportion, becomes 10' 18 cm., the radius of 
an electron. The mass of Neptune bears about the 
same ratio to that of the solar system as that of 
an electron boars to that of a lithium or oxygen 
atom, so that the analogy still holds good. The 
distance between the sun and the nearest fixed 
star is about 10 18 cm., and this, divided by 10 22 , 
becomes 10" 4 cm., or O'OOl mm., which is the mean 
free path of a molecule of air on a high mountain. 

If, besides reducing the linear dimensions from 
1 0 22 to 1, wo suppose the present velocities of the 
heavenly bodies to bo maintained, wo obtain some 
very interesting and suggestive results. Since Nep- 
tune takes some 220 years to revolve once round the 
sun, its “ frequency ” of revolution (i.c. revolutions per 
second) is 1*5 x 10 -1 °. Since the path is reduced 
10 22 times, the frequency of describing it will be 
increased in the samo proportion, and will become 
1-5 x 10 12 . This is the frequency of some infra- 
red waves of light. The frequency of the planet 
Mercury will become 1'25 x 10 13 , which lies in the 
ultra-violet. All the other planets will produce 
spectrum linos intermediate between these — i.c. 
lying in the visible spectrum. The astoroids will 
produce a broad band instead of a line, and there 
will be certain extra lines due to perturbations of 
the planets by each other. The solar system will, 
therefore , present a spectrum much resembling the spec- 
trum of a chemical element. This is a striking feature 
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of the analogy between an atom and a plunotary 
system. 

We may also, of courso, reverse the process by 
talcing the Lilliput world of the atom and the elec- 
tron, and enlarging it by the factor 10 22 , leaving all 
its velocities as they wore. An atom of, say, oxygen 
would thus become of tho same sizo as tho solar 
system, and its two detachable electrons would 
closely resemble Uranus and Neptune as regards 
size, distance from tho sun, and period of revolution. 
One of tho electrons more closely bound up with 
the atom, and assisting in producing the phenomena 
of magnetism and radiation, but not of conduction, 
might resemble tho earth in sizo, and distance from 
tho sun, and might revolve round tho latter in one 
sidereal year. We naturally expect an electron, 
when enlarged to tho size of tho earth, to be a 
perfectly smooth sphoro. At least, so wo are accus- 
tomed to tind it described. But such a sphere is, in 
reality, absolutely inconceivable; nor is it noccssary 
to imagine it to bo so. An oloctron may have a 
structure resembling that of the earth in every par- 
ticular, and yet not only could that mako no differ- 
ence to its electrical or astronomical properties, but 
the fact of its having such a structure would remain 
for ever unknown to us, considering the scale of 
phenomena which are accessible to our senses. Wo 
may therefore, without in tho loast interfering with 
the efficiency of the electron as a universal vchiclo of 
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electrical manifestations, imagine it to be a veritable 
microcosm, a world in which life might not very 
materially differ from life on our earth. Indeed, 
considering that time and space would be reduced 
in the same constant and uniform proportion, it 
is doubtful whether our present instruments, thus 
suddenly transformed, would be able to indicate the 
occurrence of any fundamental change. This is 
but another illustration of the well-known principle 
that size and length of time are purely relative, 
and depend upon comparison with standards. If all 
dimensions, including tho standards, were reduced 
in the same proportion, or if all things were accele- 
rated or retarded in tho same proportion, wo should 
bo absolutely unaware that anything had happened. 

On tho other hand, if any intelligent being could 
be transferred from the microcosm to our present 
world, and could keep up somo connection with the 
microcosm, his busy lifo here would appear to tho 
inh abitants of tho microcosm to be a changeless 
eternity, since any change measurablo by them 
would take millions of their years to accomplish 
itself. 

We here enter upon the region of puro specula- 
tion, and it is not the function of a scientific work 
to deal with occult problems of that kind. But 
sinco tho electron theory promises to guide us 
further into the mysterios of matter than anything 
attempted hitherto, it is necessary to discuss the 

T 
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general prospect oven cursorily, To sum up, wo find 
in the fruitful and suggestive astronomico-chemical 
analogy a boundless vista of worlds within worlds, 
which, while rightly preventing us from sotting a 
limit to the multiplicity of possible phenomena, 
comforts us with the reflection that for our purposes, 
and as far as our present senses aro concerned, the 
multiplicity of phenomena has an absolute limit, 
which makes it possible to look forward to the 
ovontual formulation of a theory embracing all 
phenomena accessible to our sousos. 



CHAPTER XVII 


DIMENSIONS OF ELECTRICAL QUANTITIES 

The discovery that electricity has an atomic struc- 
ture, that its carriers are discrete particles, brings 
the desirability of recasting our dimensional formula* 
into renowed prominence. Wo find that electricity 
is as fundamental as mass, perhaps, indeed, more 
fundamental, and all indications point to the ad- 
vantage of recognising electricity as a fundamental 
natural quantity. The other fundamental quanti- 
ties so far recognised arc length, mass, and time. 
They are called fundamental quantities because, 
while none of them can bo measured in terms of 
the rest of them, tho three quantities are capable of 
measuring other more complex quantities. Thus, 
wo require no fundamental unit for velocity. We 
measure it in terms of our units of space and time, 
as cm. por second, or miles per hour. Neither do 
wo require a separate fundamental unit for work, 
which can be expressed in foot-pounds or horse- 
power-hours. There is nothing to prevent us adopt- 
ing a special unit for it, such as the org ; but this 
unit is not fundamental, as it can bo reduced to 
mass, space, and time. 


39! 
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A formula which expresses tho manner in which 
tho three fundamental units outer into tho com- 
position ot hi, rived units is called a dimensional 
formula. Thoso formula; arc vory usoful in {jiving 
us an analysis of the structure of a physical quan- 
tity, much as chemical formula; roveal to us the 
structure of tho chemical molecule. They aro also 
useful for converting quantities from one system of 
measurement to another. 

The fundamental quantities mass, longth, and 
time are denoted by the symbols M, L, and T re- 
spectively. Of thoso, L is tho most fundamental of 
all, since M and T are often moasurod as lengths 
on a scale referred to tho dimensions of tho earth. 
T is reforred to the time of rotation of tho earth 
about its axis. M is referred to L and T by the 
stipulation that tho unit of mass is tho mass of 
water contained in one cubic contimotro when at its 
greatest density. Thus we see that size and rotation 
of the earth as a wholo givo us our standards of 
space and time, and that a peculiar chemical sub- 
stance — water — gives us tho standard of mass. This 
again illustrates the less fundamental character of 
mass. 

Tho measurement of an area requires two inde- 
pendent measurements of length, the results being 
multiplied togothcr. Denoting each measurement 
by L, tho measurement of an area may, therefore, be 
denoted by l?, and the measurement of a volume 
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by L 8 . The last formula also indicates that when 
the linear scale is altered in any ratio, the numerical 
result will bo altored in the third power of that 
ratio, since the three results of the separate measure- 
ments of length are affected in the same manner. 

Tho measurement of a velocity involves tho simul- 
taneous measurement of a length and a time. The 
velocity increases with the length, and decreases 
with the time taken to describe it. The dimensional 

• • Tj , a ' 

formula of velocity is, therefore, ~, or, as it is more 

usually writton, LT' 1 . In measuring acceleration, 
we measure tho volocity acquired in a certain time. 
Thore are, thcroforo, two independent measures of 
tit lie involved in the same determination, and 
tho dimensional formula becomes LT' 2 . Force is 
measured by the mass moved and tho volocity it 
acquires in unit timo. Its dimensional formula 
is MLT' 2 . Work or energy, measured by the 
product of forco into distance, is represented by 
ML 2 T' 2 , and so on. 

It has sometimes been proposed to eliminate SI 
from the dimensional calculus and to reduce it to 
L and T, as these arc more fundamental. This can 
bo dono as soon as wo can obtain an equation from 
which M may bo evolved in terms of L and T. For 
this purposo wo must find another permanent and 
universal property of mass besides that of always 
acquiring the samo velocity under a given impulse. 
If, for instance, all bodies were equally dense, mass 
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would become identical with volume, and its furmuln 
would be L s . This, of course, is not by any means 
the case. But there is anothor universal property 
of mass, discovered by Newton. It is that tho force 
of attraction between two masses is diroctly pro- 
portional to the product of tho masses and inversely 
proportional to the square of the distanco between 

them. This force may therefore be put = or 

M'f L' 2 . A force, as wo may have seen above, has 
the dimensional formula M L T' 2 . Honco we have 


MLT-* =• M* L-* 

which cannot be truo unless either (ir) some other 
quantity, such as the density of tho ether, is left 
out of account, or (b) mass is oxprcssiblo in terms of 
L and T. For it is obvious that the dimonsional 
formula) must be the same on both sidos of tho 
equation. We can nover equate a length with a tirao, 
since they are two essentially different quantities. 
It would be like saying, for instance, that three 
horses equal three dogs. Adopting the alternative 
(l), and dividing both sides by M, wo obtain 

L T - 2 = M L - 2 or M = L 3 T-* 

which may bo regarded as tho product of a length 
into the square of a velocity. Sinco, however, we 
are as yet in entire ignorance of what that supposed 
velocity and length may signify, the gain is trifling. 
Wo might, indeed, measure the masses of different 
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bullets of the same size by the depth to which 
they penetrate into wood when fired with a given 
velocity; but the new method would be clumsy 
in comparison with the usual weighing methods. 
Besides, the discarding of M would make us loso 
a definite and useful physical conception which 
appeals directly to our muscular sense. 

Now, all the arguments in favour of retaining 
mass as a fundamental quantity also tell in favour 
of recognising electric quantity as a fundamental 
quantity. And it has a natural unit, the electron, 
of a much more prevailing and universal kind. 

Electric quantity may lie measured by any one 
of the many sets of phenomena in which the amount 
of it present plays a decisive part. 

We have already described the two chief systems 
of measuring electricity, one derived from electro- 
static repulsion (p. 38), and the other from electro- 
dynamic or magnetic force (p. 14.8). To these may 
be added the chemical system, which furnishes 
the most accurate method, though usually based 
upon the electro-magnetic system. The electrostatic 
system derives its unit of electricity from the re- 
pulsion of two quantities of the same sign placed at 
unit distance apart. This is like deducing the unit 
of mass from its gravitational attraction. The 
equation is 

MLT »=E S L-* 

where E is the quantity of electricity. If we wish 
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to reduce E to M, L, and T, wo must solve the 
above equation for E. We obtain 

E»=M L> T-> and E = M& L$ T-». 

This dimensional formula for E is very complicated, 
and its interpretation is made difficult owing to the 
fractional index of M, which seems irrational. And 
oven if we adopt it we do not know what pro- 
perties of the medium wo are leaving out of account. 
Berides, we obtain a different dimensional formula 
for E when wo deduce it from some other property, 
such as magnetic force. It is, tborcfore, more 
advisable to consider quantity of electricity a funda- 
mental quantity, and to refer it to the electron as 
a standard, or to any of its measurable effects. By 
doing this we obtain a uniform, simplo, and rational 
system of dimensional formula), as will be seen in 
what follows. 

The fundamental units are M mass, L length 
T time, and E electricity. We obtain the following 
dimensional formula) : — 

.Electric quantity, E. 

Surface density of electricity, or quantity of olec- 
tricity per sq. cm., E L' 2 , 

Electric current, quantity of electricity passing a 
given surface in one second, E T 1 . 

Current density, current per sq. cm. of section 
across conductor, E T _1 L' a . 

Electric force, same formula as force, M L T -2 . 
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Electrostatic field , force exerted on unit quantity 
of electricity, M L T' 2 E' 1 . 

Electric potential, work done on unit quantity, 

M L 2 T- 2 E-\ 

Dielectric constant, (density of electrons) x (dis- 
placement in unit field), E 2 M* 1 L'* T 2 . 

Resistance, by Ohm’s law, E.M.F. / current, 

ML 2 T _ 1 E' 2 . 

Resistivity or specific resistance, resistance of 1 cm. 
cube, M L S T-' E- 2 . 

Conductivity (specific), inverse of resistivit)', 
M 1 It 3 T E 2 . 

This last admits of a simple interpretation in 
accordance with the electron theory (see p. 108). 
We may write it 

E L E 
L 3 ' T " MLT- 3 * 

Or 

(electrons per c.c.) x (velocity of electrons) x j . 

That is to say, the specific conduct ivity is measured 
by the number of free electrons per cubic cm., 
multiplied by tho steady speed which each free 
electron acquires in a unit field. 

We also got tho following magnetic formulae : — 

Magnetic moment, current multiplied by area round 
which it circulates, E T' 1 L 2 . 

Magnetic pole-strength, magnetic moment per unit 
length, ET’ 1 L, 

Magnetic force, same as force. 
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Magnetic potential, work per unit magnet pole, 

M' , LT‘ l E‘ l . 

Magnetic field, force per unit magnet pole, 
E^MT" 1 . 

Intensity of magnetisation, magnetic moment per 
unit volume, E T' 1 L"\ which means tho current 
circulating round uriit length of tho magnet. 

Strength of a magnetic shell, ET' 1 ( = current 
circulating round it). 

‘Magnetic fiux, field multiplied by area, 
E 1 MT 1 V. 

Magnetic susceptibility , intensity of magnetisation 
acquired in unit field, E : M _1 L" 1 . 

Finally, for inductance, or the coeflicient of self- 
induction, being the E.M.F. induced in a circuit by 
unit charge of current per second, wo obtain 

M L 2 T 2 E ' ~ K £ \ or M L 2 E 2 . 

The above dimensional formula) exhibit at a 
glance tho structure and derivation of the various 
electric and magnetic quantities, and their con- 
nection with the unit of electricity. 

7 ‘metical Units . — The natural unit, of electricity 
is tho electron. But it is so excessively small that 
it would bo necessary to adopt a largo multiple of 
it in practice — say, a trillion electrons, or 0 - 112 
coulomb — sufficient to pass 0*120 milligrammes of 
silver through an electrolytic cell. This, however, is 
at present impossible, since the charge of an electron 
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is not, known with sufficient accuracy. In any case, 
it would be unwise to dislocato electrical engineer- 
ing by displacing the present units unless some 
very great advantage would accrue therefrom. The 
practical unit of electricity is the coulomb, which 
contains 8‘7 9 trillion electrons. This unit I have 
sometimes called an “ army ” of electrons, not in 
order to displace the word coulomb, but to empha- 
sise the atomic structure of electricity, and also to 
distinguish it from the much smaller electrostatic 
unit or “company” (see p. 38). The ratio of the 
electro-magnetic unit (10 “armies”) to the “com- 
pany” is 3 x 10 10 , or the figure representing the 
velocity of light. Tho magnetic attraction between 
two electrons moving side by side through the 
ether just balances their electrostatic repulsion 
when their velocity reaches that figure. 

The practical unit of current strength is the 
aviptrc, consisting in tho passago of one coulomb 
per second through any cross-section of the con- 
ductor. If a current of one ampere is sent through 
an olectrolytic cell or voltameter consisting of silver 
electrodes immersed in a solution of silver nitrate, 
tho current deposits I'll 8 milligrammes of silver 
per second. This is the legal definition of current 
strength. It may also bo arrived at through mag- 
netic attraction (soo p. 153), and that is how the 
unit of current was originally fixed. Hut the 
“ elcctro-magnotic ” unit of current is ten times 
the value of the ampere. 
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The next most important unit is that of differ- 
ence of potential. To bring a quantity of electricity 
from a point at low potential to a point at high 
potential requires an expenditure of work. This 
work per unit quantity measures tho difference of 
potential botween the two points. We might defino 
unit difference of potential as existing between two 
points when it requires ono “ erg " of work to bring 
one “ company ” or electrostatic unit of electrons 
from one to tho othor. This is tho electrostatic 
unit of difference of potential. Tho practical unit 
is tho volt, which is ^J^th part of this. To take ono 
coulomb through a difference of potential of one volt 
requires an expenditure of 10 million ergs, a quan- 
tity which has been callod one "joule," after Joule, 
the discoverer of the law of heating in current- 
bearing wires. Conversely, when one coulomb falls 
through one volt, one joule of work may be derived 
from it. As a rule, it is represented by the heat 
in the wire, generated by the stoppages of the 
electrons. 

The most obvious way of defining conductivity 
would bo to ascribe unit conductivity to a substance 
containing ono free electron per cubic cm., capable of 
acquiring a steady speed of ono cm. por second, undor 
tho influence of a field of ono volt per cm., or to stipu- 
late that in such a field ono eloctron per second should 
pass through every squaro cm. of tho cross-section. 
But in practice tho conductivity is derived from 
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tlio resistance, and this is derived from the current 
and voltage. A conductor has a uuit resistance 
of ono “ohm" if a current of one ampere flows 
through it on applying a difference of potential of 
ono volt to its ends. 

Tho work done by a current is measured in joulos. 
The rate of work or “ power ” is measured by the 
product of current and voltago, tho unit being the 
wait, consisting of one joule per second. Many 
practical electricians measure tho work in watt- 
seconds or kilowatt-hours rather than in joules. 
Ono kilowatt-hour is 3,600,000 joules, or 3‘6 x 
10 13 ergs. 

It has already been stated (p. 168) that unit 
magnetic pole is possessed by a long thin magnet 
of 1 sq. cm. sectional area if the current circulating 
round it amounts to ono electro-magnetic unit 
( = 10 amperes) per cm. length. In this caso tho 
practical unit (the ampere) is not adoptod, and the 
same may bo said of tho other magnotic quantities, 
which woro originally based upon the repulsion 
between two similar magnet poles. The most im- 
portant of these are the magnetic moment (length 
multiplied by pole strength), the magnetic field 
(force per unit pole), intensity of magnetisation (mag- 
netic momont per unit volume), and the magnetio 
susceptibility (magnetisation in unit field). The 
magnetic “ permeability ” is the total field existing 
in the interior of a substance when immersed in 
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unit field. It is measured by 1 -f 4xK, whore K 
is the magnetic susceptibility. The “ induction ” B 
is tho product of tho permeability anti the field 
strength. It represents tho actual internal mag- 
netic field of the substance. 

This magnetic “induction” must be carefully 
distinguished from tho electro-magnetic induction 
which gives rise to induced currents, and also from 
tho electrostatic induction or “ influence,” which 
gives rise to charges in bodies whon brought into 
an electric field. It is unfortunate that this word 
has acquired three different meanings. 

When a current, through a conductor changes, 
the inertia of tho moving electrons, whether duo to 
their own motion or to tho reaction of surrounding 
electrons, represents a store of energy which is 
expended in resisting tho change, and this store of 
energy per unit quantity in motion may be measured 
in volts. When the current cither dccroascs or 
increases at tho rate of one amp6ro per second, and 
the E.M.F. thus induced in the circuit is one volt, 
tho conductor is said to havo unit inductance. 
This unit of inductance is called ono henry. It is 
10 9 times tho unit derived from theoretical con- 
siderations of tho E.M.F. induced in a conductor 
traversed by lines of forco, where the inductanco is 
defined as tho number of lines of forco added to or 
subtracted from those travorsiug tho circuit owing 
to tho change of current (see p. 189). 
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Tho development of electrical science lias suffered 
much by tho existence of three different systems 
of electrical units, called tho electrostatic, electro- 
magnetic, and the practical units respectively. This 
multiplicity of systems was due to ignorance as to 
the real nature of magnetism, and to the prevalence 
of false analogies between electric and magnetic 
phenomena. We now see that magnetism is re- 
ducible to the revolution of electrons. It has 
sometimes been urged as an objection to this v:ew 
that there would have to be some gyroscopic action 
duo to the innumerable minute molecular gyro- 
scopes constituted by tho revolving electrons. Lut 
this objection leaves out of account the extreme 
shortness of the period of revolution, a shortness 
which enables the electron to follow a rotation 
much as a high- frequency galvanometer needle gives 
a dead-beat reading. 

The electron theory, with its logical corollary — 
the recognition of electricity as a fundamental 
quantity — gives a consistent and comprehensive 
view of all the facts of electricity and magnetism 
hitherto accumulated. Within the next few years 
wo shall, no doubt, witnoss its application to every 
detail of electrical science. 




APPENDIX 

RECENT PROGRESS 

1. Application of Centrifugal Force to Electrons. — A 
curious experiment has been tried by E. F. Nichols, 
embodying an attempt to produce an electric current by 
centrifugal force. His idea was that if a disc of metal 
is spun rapidly about its centre the centrifugal force de- 
veloped will force any loose electrons or positive atoms 
to the rim, and give the rim a negative or positive charge, 
which will subsist as long us the speed is maintained. 
He drove an aluminium disc 10 cm. in radius at a speed 
of 100 revolutions per second, and connected the terminals 
of a delicato electrometer with its centre and rim re- 
spectively. The effect, if it existed, was too small to be 
observed. It is hoped the attempt will be repeated on 
a larger scale. (See Electrician for October 19, 1906.) 

2. Utilisation of Earth's Potential. — The estimated poten- 
tial of the earth is - 300 million volts (see p. 70). This 
estimate is confirmed by recent researches on atmospheric 
potential, and may be taken as approximately correct. 
A. Breydel has recently proposed to utilise this enormous 
store of energy by connecting different levels above and 
below the earth's surface, and generating electric cur- 
rents by means of the difference of potential thus secured. 
This difference of potential amounts to some 64 volts per 
yard. Many balloon explosions, and explosions in mines, 

3°S V 
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are probably due to this cause. The difficulty in the way 
of practical working would lie in the uncertain influence 
of the weather conditions. These ofton modify and oven 
reverse tho potential gradiont above the earth’s surface. 
(See Bulletin Mensuel de la SocirtS Beige d ) Elect riciens, 
No. 23, September 1900), 

3. Electrons and Spectrum Lines. — In a paper on “ Elec- 
trical Vibrations and the Constitution of the Atom M 
( Philosophical Magazine, January 1900), Lord Rayleigh 
discusses the various theories of tho mechanism of radia- 
tion. The “sphere of positive electrification” assumed 
by Kelvin and Thomson to form the atomic nucleus is 
imagined for the purpose of enabling electrons to revolve 
with constant frequency, since the attraction exerted 
upon the electron by the containing sphere is proportional 
to its distance from the centre. This would give some- 
thing like the observed fixity of the spectrum lines. But 
this fixity is only observed in glowing gases, not in 
glowing solids or liquids. If tho electrons really revolved 
within the mysterious sphere of positivo electrification, 
there is no reason why they should not give a sharp line 
spectrum even in the solid state. In the gaseous state, 
on the other hand, the collisions of atoms are very rare 
as measured by the number of revolutions — about one 
collision every 100,000 revolutions — so that between the 
collisions the spectrum line would be undisturbed. But 
here another source of disturbance must be considered. 
The revolving electron emits energy at the expenso of its 
own velocity, the energy varying as the fourth power of 
the frequency. The loss of speed will render the position 
of the electron in its orbit unstable, just as that of the 
earth would be if it were retarded. But such retardation 
would not make itself felt for 100,000 revolutions at all 
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events, even of luminous frequencies. We thus have 
a steady state for 100,000 revolutions or so, and a 
catastrophe of sonic kind at the end, resulting perhaps in 
the total extinction of the luminous radiation. The effect 
in the spectroscope would be a steady and sharp line, 
owing to the frequency being furnished by a vast number 
of electrons simultaneously, the great majority of which 
have the standard frequency. It remains to be explained 
how it is that the elements always give rise to certain 
characteristic orbits. This is a matter which concerns 
tho intimate structure of the atomic nucleus, and though 
J. J. Thomson has made an interesting attempt to build 
it tip 011 the basis of stable rings of electrons, the theory 
of atomic constitution is only in its infancy. 

Lord Rayleigh says : “ A partial escape from these diffi- 
culties might be found in regarding actual spectrum lines 
as due to difference tones aiising from primaries of much 
higher pitch — a suggestion already put forward in a some- 
what different form by Julius. In recent years theories 
of atomic structure have found favour in which the 
electrons are regarded as describing orbits, probably with 
great rapidity. If the electrons are sufficiently numerous, 
there may be an approach to steady motion. In case of 
disturbance, oscillations about this steady motion may 
ensue, and these oscillations are regarded as the origin of 
luminous waves of the same frequency. But in view of 
the discrete character of electrons such a motion can 
never be fully steady, and the system must tend to radiate 
oven when undisturbed. In particular cases, such as 
some considered by Professor Thomson, the radiation in 
the undisturbed state may be very feeble. After dis- 
turbance, oscillations about the normal motion will ensue, 
but it does not follow that the frequencies of these oscilla- 
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tions will be manifested in the spectrum of the radiation. 
The spectrum may rather be due to the upsetting of the 
balance by which before disturbance radiation was pre- 
vented, and the frequencies will correspond (with modi- 
fication) rather to the original distribution of electrons 
than to the oscillations. For example, if four equally 
spaced electrons rovolvq in a ring, the radiation is feeble, 
and its frequency is four times that of revolution. If the* 
disposition of equal spacing bo disturbed, there must be 
a tendency to recovery and to oscillations about this dis- 
position. These oscillations may bo extremely slow ; but 
nevertheless frequencies will enter into the radiation once, 
twice, and thrice as great as that of revolution, and with 
intensities which may be much greater than the original 
radiation of fourfold frequency. 

“An apparently formidable diiliculty, emphasised by 
Jeans, stands in the way of all theories of this character. 
How can the atom have the definiteness which the spec- 
troscope demands ? It would seem that variations must 
exist in (say) h)drogen atoms which would be fatal to 
the sharpnoss of the observed radiation ; and indeed the 
gradual change of an atom is directly contemplated in 
view of the phenomena of radio-activity. It seems an 
absolute necessity that the large majority of hydrogen 
atoms should bo alike in a very high degree. Either the 
number undergoing change must be very small or tdse 
the changes must be sudden, so that at any time only a 
few deviate from one or more definite conditions. 

“ It is possible, however, that the conditions of stability 
or of exemption from radiation may after all really de- 
mand this definiteness, notwithstanding that in the com- 
paratively simple cases treated by Thomson the angular 
velocity is open to variation. According to this view, 
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the frequencies observed in the spectrum may not bo 
frequencies of disturbance or of oscillations in the ordi- 
nary sense at all, but rather form an essential part of 
the original constitution of the atom as determined by 
conditions of stability/ 1 * 

4. Canal Rays . — A fact of first-rate importance in con- 
nection with the theory of radiation has recently been 
observed by Johannes Stark (see Physikalisclie Zeitsclirift , 
December 15, 1905). It is that canal rays (p. 119) show 
a displacement of the spectroscopic lines of the gas they 
traverse in accordance with their own velocity. .They 
show, in fact, the “ Doppler effect/* Doppler's principle 
assorts that the wave-length of a wave is apparently 
increased if the source is moving away from the observer, 
but diminished if it is moving towards him. The ratio 
in which this is done is the same as the ratio of the speed 
of the source to the speed of light. This was exactly 
verified by Stark in hydrogen, and by Hermann in 
nitrogen. Canal rays have a speed of some 200 kilo- 
metres per second, whereas the speed of light is 300,000 
kilometres per second. A difference of 1 in 1500 of the 
wavo-longth is easily observed in the spectroscope. 

This now observation proves that radiation is not due 
to collision, or at least not maintained by it. For the 
first time we havo under our eyes bodies whose state of 
motion can bo confronted with their own radiation. The 
canal ray particles are positively charged nuclei of matter, 
the quickest among them being simply positive atoms, 
i.e. atoms rendered positive by losing one or two elec- 
trons. These, then, are capable of radiating spectrum lines 
with the aid of those more closely attached electrons 
whoso existence has already been postulated. The detach- 
able electrons do not generate spectrum lines. Their 
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revolutions .ire irregular and greatly disturbed. Another 
observation by Stark brings this out clearly, lie finds 
that the bands in the spectrum exhibit no Doppler effect ; 
that is to say, the mechanism generating these bands is 
stationary. This can only mean that it is unchanged, 
that it consists, in fact, of neutral gaseous atoms or 
molecules. When tho detachable electrons radiate they 
do so in all sorts of periods, and their band spectrum 
overlays and obscures the lines of the moro closely-linked 
electrons. 

The existence of the latter, with their comparatively 
undisturbed orbits, furnishes a new support for tho 
electron theory of magnetism. 

5. Metallic Conduction . — An admirable summary of the 
(doctron theory of metallic conduction was given by Prof. 
J. J. Thomson in a lecture delivered before the London 
institution of Electrical Engineers on February 21, 1907. 
If the electrons move free in the metal to any consider- 
able extent, they must be in thermal equilibrium with its 
molecules. This means that the average kinetic energy 
of tho electron must equal tho average kinetic energy of, 
say, a hydrogen molecule having the same temperature. 
.Its mass being much smaller, it must make compensation 
by its higher speed. The squaro of its velocity must be 
11400 times tho square of the velocity of tho hydrogen 
molecule. At tho temperature of freezing water it must 
bo about 10 7 cm. per second. The darting about of those 
electrons produces no continuous current, since they dart 
about equally in all directions, unless an electro-motivo 
force acts upon them. The additional velocity then ac- 
quired or lost by the electrons is as a rule much smaller 
(say, a hundred times) than their heat velocity. If t is 
the interval between two collisions, X the electric force, 
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and e and m the charge and mass of the electron, the 
acceleration is and the velocity acquired under this 

tn 

acceleration during each free excursion is — t. The 

average electric velocity is therefore \ ^ t. Call this u . 
Then the amount of electricity that will pass through unit 
area in unit time will be nue = i L where n is the 

* 7/1 

number of electrons per cubic cm. This is the current, 
and the E.M.F. being X, we get the conductivity by 

nc~ 

dividing the current by X, so getting I -- t. This ij also 

the specific conductivity, since we are considering 1 c.c. 
Its dimensions are Lr 3 M _1 E- T, or the same as those 
given on p. 297. 

Tf A is the free path of an electron, t may be put = * , where 

o is the thermal velocity of an electron, which, as we have 
seen, is but slightly affected by the electric acceleration. 
Now the thermal conductivity of a gas, as determined in 
the kinetic theory of gases, is J/iAra, where aO is the 
kinetic energy of any molecule of any gas at a tempera- 
ture 0. The value of a is about 1*5 x 1CM 6 , and } z mv- = aO. 
The ratio of the thermal to the electrical conductivity 

is obtained by dividing the two expressions. It is In 

o€“ 

this formula, both n and A go out, and nothing remains 
that would be characteristic of the metal. Hence the 
ratio of the two conductivities should be the same in all 
metals at a given temperature (Law of Wiedemann and 
Franz). 

This assumes, of course, that the thermal conductivity 
is due entirely to the electrons, and not to the atoms of 
the metal. If the latter also take part in thermal con- 
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dui'tion the ratio varies, and we get thermo-electric 
effects. 

The actual ratio as calculated by Thomson is 6*1 x 10 10 
in C.G.S. units. The values found by Jaeger and Diessel- 
horst are G*7 for copper, 6*8 for silver, 7*09 for gold, 6*36 
for aluminium, 8*02 for iron, and 11*0 for constantan 
( x 10 10 ). The ratio being proportioned to the absolute 
temperature, its temperature coefficient should be 0*365 
The actual value for copper is 0*39, silver 0*37, and 
gold 0*36. 

There is an immense amount of energy radiated owing 
to the periodical stoppage of the electrons by collision. 
These stoppages, as wo know, give rise to Rontgen rays, 
and many of these no doubt penetrato beyond the surface 
of the metal. This may account for the blackening of 
photographic films by such metals as zinc. But most of 
the radiation is reabsorbed by the metal, and only a small 
proportion is actually lost, to be recovered in the form of 
radiation from without. The energy actually transferred 
within 1 c.c. of the metal is, according to Thomson, equal 
to that turned out by an electric supply station of con- 
siderable dimensions. 

A simple representation of the Peltier and Thomson 
effects is given by the same author in his 41 Corpuscular 
Theory of Matter,” p. 97. It is worded as follows (sub- 
stituting the word 44 electron ” for 44 corpuscle ”) : 44 These 
effects on tho theory first discussed, that electrons are 
distributed throughout the metal and are in temperature 
equilibrium with it, may be regarded as arising in the 
following way. If there are n electrons per unit volume, 
and v is their average velocity, then through unit area in 
the metal, \nv electrons will in one second pass through in 
one direction. Hence if we have two metals, A and B, 
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in contact, and if nv in A is not the same as in B, the 
number of electrons that flow from A to B will not be 
the same as the number that flow from B to A. To fix 
our ideas, let us suppose that the flow through A is 
greater than that through B ; A will lose more electrons 
than it will gain, and so will become positively, while B 
will be negatively, electrified. This distribution of elec- 
tricity will tend to diminish the flow of electrons from A 
and increase that from B, and the charges of electricity 
will accumulate until they have made the two flows equal, 
when things will be in a steady state. This accumulation 
of positive electricity on A and of negative on B will 
form an 4 electric double layer,* between the coatings of 
which there is a finito potential difference which is a 
measure of the Peltier effect at the junction of the 
metals. Similarly, if the flow fyiv depends upon the 
temperature of the metal, the transport of electrons 
through each section of an unoqually heated conductor 
will vary, and the state of the conductor cannot be steady: 
the difference in the amount flowing through different 
sections will produce an accumulation of electricity along 
the conductor ; this will produce an electric force which, 
by increasing the flow where it was small, and diminish- 
ing it where it was large, will make the flow uniform 
throughout the conductor. These forces represent the 
Thomson effect.” 

L. Bloch ( Comptes Rendut^ Nov. 4, 1907) makes some 
new computations of the number of electrons per c.c. and 
of the interval between two collisions. This interval is 
really much shorter than would result from the calcula- 
tion on p. 89, since the electrons, being in thermal equi- 
librium with the atoms, move with prodigious velocities 
(of the order of 10 7 cm. per second) even without any 
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external electric force, and this speed is but little changed 
by the acceleration due to tlie ordinary oleetrie forces at our 
disposal. The duration of the interval of freedom ranges, 
according to Bloch, from 1*96 x 10” 15 sec. in the case of 
silver and 192 x 10~ r) sec. in the case of copper, through 
aluminium, zinc, sodium, and antimony, down to bismuth, 
in which it is only 0*85 x 10~ 15 sec. But the calculation 
of tho time required foi*an average electron to get through 
the copper (p. 89) is unaffected by this thermal speed, 
which works both ways and cancels itself. The number 
of “ compartments ” or stoppages per cm. required to pro- 
duce the actual resistance of copper is 14,000 instead of 
50 millions, meaning that a freely flying electron pene- 
trates on the average 0 000071 cm. of copper before it is 
stopped. (Lenard succeeded in making electrons pass 
freely through 0*00026 cm. of aluminium.) The calcula- 
tion of the current supposes that each electron, after 
stoppage, commences its new fall ai onre. This, of course, 
is not the case. It passes 5000 times the interval of its 
free fall attached to some copper atom. But 5000 other 
electrons take its place meanwhile, so that the requisite 
number of electrons are always free. Tho total detach- 
able electrons aro estimated by Bloch (from optical data) 
at 2*6 quadrillion per c.c., or 21 to each atom. Silver has 
38 electrons detachable from each atom, zinc 5*6, and 
bismuth only 1*2. 

The formula which connects the conductivity with the 
absorption of light is nV> = crT, where n is the refractive 
index, b the coefficient of absorption, tr the electrostatically 
measured conductivity, and T tho period of the incident 
light. This formula shows that tho absorption increases 
directly as tho conductivity, and also (for slow waves) with 
the period. For rapid waves of short wave-length, nVj 
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becomes <crT. But a simple calculation will explain why 
even the best conductors among electrolytes do not absorb 
light to any great extent. The conductivity of mercury 
is 10™, whereas that of the best conducting solution of 
sulphuric acid is 7 x 10 11 . For light waves of period 
2xl0~ 15 , we have therefore o-T = 0*0014, and the co- 
efficient of absorption 0*0008. In mercury, o-T = 20, and 
since the refractive index for yelLw light is 1*87, h be- 
comes 5*7. In the former case the light only loses 0*5 
per cent, of its intensity by traversing its own wave- 
length, and 2*15 per cent, by traversing 1 cm. In the 
case of mercury, the light is weakened in the large pro- 
portion of 10™ : 1 by traversing its own wave-length. 

Jean Becquerol has lately (see Cumptes IicnJu#, Nov. 
11, 1007) discovered an effect of temperature on the 
absorption bands of crystals such as tysonite. These 
beconio more numerous and sharp when the crystal is 
immersed in liquid air at the temperature of - 188° <J. 
The discoverer calculates that there are some 10,000 
electrons engaged in this absorption in every c.c. of the 
crystal at ordinary temperatures, and about double that 
number at the temperature of liquid air. 

6. Theory of Magnet inm. — This has lately been further 
developed by P. Weiss (see Journal ife Fliysipw, September 
1907, p. 661). The difference between paramagnetism 
and ferromagnetism much resembles that between a gas 
and a liquid. In both cases the mutual action of the 
molecules is decisively effective in one phase, and not in 
the other. Magnetic saturation is never even approached 
in feebly magnetic bodies, and is never complete even in 
strongly ferromagnetic bodies. Langevin considered the 
mutual influence of the molecular magnets as a matter 
very difficult to deal with mathematically, but Weiss has 
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greatly simplified this influenco by showing that it may 
be considered as due to au internal field which ho calls 
the “molecular field , " and which may be taken theoreti- 
cally as uniform. This molecular field plays the same 
part in ferromagnetism as the “internal pressure ” does 
in liquids. Like this, it is extremely high, about 80 
million units at ordinary temperatures. It is proportional 
o 

to T 0 , where 9 is the tomporature at which f< rro- 

magnetism disappears, and T is the absolute temperature. 
The paramagnetic susceptibility is, according to Curie, 
inversely proportional to the absolute temperature. It 

may bo put = where C is Curio's constant. The value 

of this constant is, according to Weiss, directly propor- 
tional to the atomic weight and to the number of atoms 
in the molecule, and may theroforo' bo used to determine 
this number. By this means, Weiss proves that at a 
temperature of 1280° 0. iron is transformed into what 
is called 5-iron, and in this transformation tho molecule 
is changed from a diatomic to a triatomic one. Tho 
susceptibility (always very small above 7G0° 0.) increases 
by 50 per cent, at the transformation point. 

A fairly successful attempt at unravelling tho pheno- 
mena of hysteresis is based upon tho remarkable behaviour 
of pyrrhotine, a crystal which has one direction of easy 
magnetisation. However weak tho magnetising field may 
bo, the crystal is immediately magnetised to saturation 
On reversing the field, the magnetisation jumps suddenly 
and completely round as soon as the field reaches a certain 
critical strength. The crystal possesses three different 
susceptibilities along three axes at right angles to each 
other, and when these and the corresponding demag- 
netising fields are known, all tho phases of magnetisation 
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may be calculated. Iron may be regarded as a con- 
glomerate of cubic crystals facing different ways, with a 
demagnetising field of 120 units in one direction, and 
practically infinite in a direction normal to it. 

The curious magnetic properties of lleusler’s alloys of 
non-magnetic elements (aluminium 16 parts, manganese 
24 parts, copper 60 parts) are probably due to a raising of 
the temperature of transformation of manganese. Alloys 
often have widely different fusing points, <fcc., from their 
constituents. The neutral molecules may facilitate the 
orientation of the elementary molecular currents. 

7. Electrolysis. — The quantitative theory of electrolysis 
lias been worked out mainly in the line of determining 
the hydration of the ions, which (see p. 103) is chiefly 
responsible for the differences in their mobilities. Bous- 
field found that the potassium and chlorine ions are each 
combined with about five molecules of water, and the 
slower lithium ion with about twenty molecules. Bucli- 
bbek {Zeitaehr* Phys . Chem. y Juno 8, 1906) attacked the 
question by tracing the displacement of a noil-electrolytic 
solute during the electrolysis of a conducting solution, 
lie found that the chlorine ion is combined with three or 
four molecules of water, according to the concentration. 
The mobilities of the various ions have been redeter- 
mined by K. Drucker ( Zeitschr . Elelitrochemie , March 8, 
1907), and found to be from 2 to 5 per cent, smaller than 
the values given on p. 104. (See also 44 The Application 
of the Electron Theory to Electrolysis,’ ” by E. E. Fournier 
d’Albe, Transactions of the Far a^ lay Society , vol. iff., 
Part I.) 

8. Electrons and the Ether . — Various attempts have been 
made to clear up tho relations between electrons and the 
ether, notably by Thomson, Kelvin, Einstein, Schott, and 
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Lodge, but no comprehensive theory has been hitherto 
arrived at. No further evidence has been adduced in 
favour of the probability of the existence of positivo elec- 
trons beyond J. BecquertTs observations of the absorption 
in tysonite. The anomalies of the Hall effect are explained 
by Thomson by considerations of the behaviour of electric 
doublets in a metal exposed to a magnetic field (see his 
“Corpuscular Theory of Matter”). 

As regards the shape of the electron, tho oviderce to 
date points to rigid spheres, unaffected by motion through 
the, .ether (Abraham). 

9. Magnetic Ray w. — A new species of rays has been 
discovered and studied by Augusto ltighi (see Rewficonti 
della R. Arcademia dei Linrei y February 2, 11)08, and 
December 20, 1908. Reprinted and amplified in La 
Materia Radianle e i Rayyi May net id . Zaniehelli : Bologna , 
1909). Tho rays are a species of cathode rays which, 
instead of being bent into circular paths by a magnetic 
field, follow tho lines of force of the latter. Tho field 
must be a very strong one. According to tho theory 
formulated by Righi, these rays consist of systems of 
positive atoms attended by revolving electrons. The 
magnetic field has the effect of increasing tho stability 
of those combinations which happen to bo moviug along 
the lines of magnetic force, and whose electronic orbits 
are in accordance with the field itself. 

10. Metallic Conduction . — In the course of a review on 
the modern views of the metallic state (Zeitschri/t fur 
Klektrochemie , July 15, 1909), E. Riecke makes some 
new determinations of the mean free path of free elec- 
trons, their number per metallic atom, and the diamoter 
of the latter. He assumes that at tho melting point tho 
metallic atoms (considered as spheres) are in immediate 
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contact. This gives 1*6 x 10~ 8 cm. for the diameter of 
the copper atom, which agrees well with the value 
assumed on p. 83. The number of free paths of the 
electron per cm. is 0*13 xlO 8 (instead of 0*5 x 10 8 as 
assumed on p. 89). The number p of free electrons 
per atom may be calculated (a) from thermo-electricity ; 
(b) from atomic heat; (c) from the refraction and ab- 
sorption of light in metals. The values for p found 
by the three methods independently range (a) from 
0*53 Bi to 1-22 Fe ; (b) from 0*93 A1 to 1*24 Sn; (<-) 
from 2*04 Ni to 6*57 Al. The general average i§ 1-8 
mobile electrons per metallic atom. 

11. Elements and Electrons . — In his Presidential Ad- 
dresses to the Chemical Society for 1908 and 1909, 
Sir William Ramsay has developed a new view of the 
chemical elements, according to which they are built 
up of positive nuclei together with groups of definite 
numbers (usually 8 or 16) of electrons. The addition 
or subtraction of the latter causes their atomic weights 
to deviate from perfectly regular series. It also brings 
about a total change in their chemical properties (see 
Journal of the Chemical Society , April 1909). 
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